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Abstract
Neutral particle beams are used as auxiliary heating and current drive system
for magnetically confined thermonuclear plasmas. The design of ITER in
particular, the international experiment on nuclear fusion under realisation
in Cadarache (France), features two neutral beam injectors (NBI) delivering
16.5 MW each. In order to deposit the beams efficiently at the core part
of the ITER plasma, the beam energy has to be in the order of 1 MeV and
therefore the option of accelerating positive ions has been discarded since
their neutralisation efficiency falls abruptly beyond 100 keV. The generation
and acceleration up to 1 MeV of a 40 A deuterium negative ion current still
presents many open issues both from the physics and engineering point of
view. To work on these issues a dedicated test facility, named PRIMA, is
under construction at Consorzio RFX, in Padova (Italy).
PRIMA is constituted by two sub-facilities: MITICA, the full injector
prototype, and SPIDER, the prototype source dedicated to the optimization
of the source performance. The latter, which is going to start operation in
2018, is equipped with many diagnostics to improve the understanding of the
negative ion source and beam extraction physics.
In such framework, this thesis focuses on the characterisation of a negative
ion beam by means of one of such diagnostics, the instrumented calorimeter
STRIKE, and by the application of different simulation codes to the inter-
pretation of the experimental conditions.
The contents of the thesis chapters are shortly listed below.
A brief introduction on nuclear fusion is given in Chapter 1, discussing the
use of magnetically confined plasmas, the performance to be achieved in order
to have a favourable efficiency in power generation, the main features of ITER
and the necessity of additional heating and current drive systems such as
radio-frequency waves and neutral beam injectors. In addition, a conceptual
design of a NBI in terms of the requirements on its main components is given.
Chapter 2 focuses in more detail on the negative ion source and the
electrostatic accelerator, introducing the prototype RF source and the main
properties of beam optics. A brief insight in the beam modeling activity is
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also given by presenting the finite element solver and particle-tracing code
OPERA and the Monte Carlo particle-tracing code EAMCC3D. Furthermore
a brief description is given about the two facilities of particular interest for
this thesis: the ITER prototype source SPIDER and the NIO1 (Negative Ion
Optimization 1) experiment, currently operated at Consorzio RFX, in which
a small-scale version of STRIKE is also installed.
The activity regarding the diagnostic calorimeter STRIKE is described in
Chapter 3, where the features of the SPIDER beam heat load, the suite of sig-
nals collected by STRIKE, the testing and modeling activity on the STRIKE
prototype sensors, the tools available for analysing STRIKE data and their
application to the data collected with prototype versions of STRIKE in other
test facilities are discussed.
Chapter 4 describes the application of the codes OPERA and EAMCC3D
to simulate the beam features of NIO1.
In Chapter 5 a comparison between modeling and data from the NIO1
diagnostic calorimeter is presented for some of the NIO1 experimental cam-
paigns, showing the improvement in the beam physics understanding that a
combined approach may guarantee.
Finally, the main results and the possible future developments in the
synergy between diagnostic calorimetry and beam modeling activity in view
of SPIDER are discussed in Chapter 6.
Sumário
Feixes de partículas neutras são usados como aquecimento auxiliar e para in-
duzir correntes em plasmas termonucleares confinados magneticamente. Em
particular, o design do ITER, experimento internacional sobre fusão nuclear
atualmente em construção em Cadarache (França), prevê dois injetores de
partículas neutras (NBI) capazes de fornecer 16.5 MW cada.
Para que o feixe possa penetrar eficientemente até regiões mais internas
do plasma no ITER, sua energia deve ser da ordem de 1MeV e, portanto,
exclui a opção de acelerar íons positivos, já que sua eficiência de neutralização
é reduzida drasticamente para energias superiores a 100 keV. A geração e
aceleração de até 1 MeV de uma corrente negativa de 40 A de íons de deutério
ainda é um desafio, tanto do ponto de vista da física quanto da engenharia.
Para trabalhar nessas questões, uma instalação de teste dedicada, chamada
PRIMA, está em construção no Consorzio RFX, em Padova (Itália).
O PRIMA é constituído por duas sub-instalações: MITICA, o protótipo
completo do injetor, e SPIDER, protótipo dedicado à otimização do desem-
penho da fonte. O último, que vai começar a operar em 2018, está equipado
com muitos diagnósticos para melhorar a compreensão da fonte de íons neg-
ativos e a física da extração de feixe.
Neste contexto, esta tese é dedicada à caracterização de um feixe de
íons negativo através de um desses diagnósticos, o calorímetro STRIKE e
a aplicação de diferentes códigos de simulação para interpretar as condições
experimentais.
Os conteúdos dos diversos capítulos são elencados brevemente a seguir:
No Capítulo 1 é introduzido o confinamento magnético de plasmas ter-
monucleares, discutindo-se o desempenho necessário a um reator de fusão
para produzir energia com eficiência razoável. Neste contexto, o projeto
ITER é apresentado e a necessidade de sistemas de aquecimento adicionais,
tais como ondas de radiofrequência ou feixes de partículas neutras, é justifi-
cada. Finalmente, um projeto conceitual de um NBI é apresentado, definindo
seus principais componentes.
O Capítulo 2 foca-se mais detalhadamente na fonte de íons negativa e no
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acelerador eletrostático, introduzindo o protótipo da fonte RF e as princi-
pais propriedades óticas dos feixes. Uma breve visão da atividade de mode-
lagem do feixe também é dada, introduzindo o código OPERA de elemento
finito para o rastreamento de partículas e o código Monte Carlo de rastrea-
mento de partículas EAMCC3D. Enfim, são descritas as duas instalações de
teste de particular interesse para esta tese: o protótipo SPIDER e o experi-
mento NIO1 (Negative Ion Optimization 1), no qual uma versão reduzida do
calorímetro STRIKE está instalada.
A atividade relativa ao calorímetro de diagnóstico STRIKE é descrita
no Capítulo 3, no qual descreve as características do carregamento térmico
devido ao feixe SPIDER e o conjunto de sinais complementares coletados pelo
calorímetro STRIKE. Uma longa seção é dedicada aos protótipos dos sensores
de STRIKE, descrevendo a atividade de modelagem, os testes realizados em
sua capacidade de diagnóstico e sua resistência a cargas térmicas comparáveis
às do SPIDER. Finalmente, as ferramentas usadas para analisar os dados
coletados com a versão reduzida de STRIKE, o calorímetro mini-STRIKE,
são descritas em vários experimentos.
O Capítulo 4 descreve a aplicação dos códigos OPERA e EAMCC3D para
simular características do feixe de íons de NIOI.
No Capítulo 5, os resultados desses modelos são comparados com os dados
experimentais no caso do calorímetro diagnóstico de NIO1, mostrando como
uma abordagem combinada pode favorecer a interpretação e compreensão do
comportamento do acelerador.
Enfim, os resultados principais e os possíveis desenvolvimentos futuros
em relação à sinergia entre calorimetria e modelagem em vista das operações
do SPIDER são discutidos no Capítulo 6.
Sommario
Al fine di fornire riscaldamento addizionale e indurre una corrente in plasmi
termonucleari confinati magneticamente è possibile utilizzare fasci di parti-
celle neutre. In particolare il design di ITER, l’esperimento internazionale
sulla fusione nucleare attualmente in costruzione a Cadarache (Francia),
prevede due iniettori di particelle neutre (NBI) in grado di fornire 16.5 MW
ciascuno.
Affinché il fascio possa penetrare efficacemente nel plasma di ITER, la
sua energia deve essere nell’ordine di 1 MeV e questo esclude l’opzione di
accelerare ioni positivi, la cui efficienza di neutralizzazione si riduce drastica-
mente per energie superiori a 100 keV. La generazione e accelerazione di 40 A
di ioni negativi di deuterio fino a 1 MeV d’altronde, presenta ancora molti
punti aperti sia dal punto di vista della fisica che da quello ingegneristico per
affrontare i quali la test facility PRIMA è attualmente in fase di realizzazione
a Padova presso il Consorzio RFX.
PRIMA è suddivisa in due test facility: MITICA, il prototipo di iniettore
per ITER, e SPIDER, il prototipo della sorgente di ioni dedicato all’ottimiz-
zazione delle sue performance. Al fine di meglio comprendere i fenomeni
che accadono all’interno della sorgente e la fisica dell’estrazione, SPIDER è
dotato di diverse diagnostiche.
All’interno di questo contesto, questa tesi è dedicata alla caratterizzazione
di un fascio di ioni negativi mediante una di queste diagnostiche, il calorimetro
STRIKE, e l’applicazione di diversi codici di simulazione per interpretare le
condizioni sperimentali. I contenuti dei diversi capitoli sono elencati breve-
mente di seguito.
Nel Capitolo 1 viene introdotto il confinamento magnetico di plasmi ter-
monucleari e si discutono le prestazioni che devono esser raggiunte da un
reattore a fusione per produrre energia con una ragionevole efficienza. In
questo contesto viene presentato il progetto ITER e viene giustificata la ne-
cessità di sistemi di riscaldamento addizionale come onde a radio-frequenza
o fasci di particelle neutre. Infine viene presentato un design concettuale di
un NBI, definendone i componenti principali.
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Il Capitolo 2 si concentra con maggiore dettaglio su due di questi compo-
nenti: la sorgente di ioni e l’acceleratore elettrostatico. In particolare viene
descritto il prototipo di sorgente a radio-frequenza e le principali proprietà
dell’ottica del fascio. In seguito viene presentata l’attività di modellistica in-
troducendo il codice agli elementi finiti di particle-tracing OPERA e il codice
Monte Carlo di particle-tracing EAMCC3D. Infine vengono descritte le due
test facility di particolare interesse per questa tesi: il prototipo SPIDER e
l’esperimento NIO1 (Negative Ion Optimization 1), in cui è installata una
versione ridotta del calorimetro STRIKE.
L’attività riguardante il calorimetro diagnostico STRIKE è descritta nel
Capitolo 3, in cui sono descritti sia le caratteristiche del carico termico dovu-
to al fascio di SPIDER che l’insieme di segnali complementari raccolti dal
calorimetro STRIKE. Una lunga sezione è dedicata ai prototipi dei sensori di
STRIKE, descrivendo l’attività modellistica, i test effettuati sulla loro capa-
cità diagnostica e sulla loro resistenza a carichi termici paragonabili a quelli
di SPIDER. Infine, vengono descritti gli strumenti utilizzati per analizzare
i dati raccolti con la versione in scala ridotta di STRIKE, il calorimetro
mini-STRIKE, in diversi esperimenti.
Il Capitolo 4 descrive l’applicazione dei codici OPERA ed EAMCC3D
per simulare le caratteristiche del fascio di ioni di NIO1. Nel Capitolo 5 i
risultati di questi modelli sono confrontati con i dati sperimentali nel caso
del calorimetro diagnostico di NIO1, mostrando come un approccio combi-
nato possa favorire l’interpretazione e la comprensione del comportamento
dell’acceleratore.
Infine i risultati principali e i possibili sviluppi futuri in merito alla siner-
gia tra calorimetria e modellistica in vista dell’operazione di SPIDER sono
discussi nel Capitolo 6.
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Chapter 1
Neutral beam injectors for fusion
This chapter is devoted to introduce the state of the art of the research on
nuclear fusion. At present, the most promising concepts are the magnetic
confinement based fusion [1, 2, 3] and the inertial confinement based fusion
[4]. Since this thesis is about the development of neutral beam injectors for
fusion-relevant magnetically confined plasmas, only the former approach will
be treated in the following. The reader may find more information about the
latter in [5, 6].
In more detail, Section 1.1 will focus on the motivation to study nuclear
fusion, while the main aspects of physics and engineering regarding such
research are presented in Section 1.2. Section 1.3 describes the main features
of the tokamak ITER (International Thermonuclear Experimental Reactor)
and finally in Section 1.4 the characteristics of a NBI are presented.
1.1 A complex problem: the future of energy
and environment
The energy demand of mankind has been increasing continuously and on an
always larger rate in the last decades and long term scenarios claim there
is no reason to expect a different trend in the next years. The main drives
for such increase are the demographic pressure and the improvement of the
average quality of life. As shown in Figure 1.1, it is not difficult to identify a
clear relation between energy consumption and the quality of life, measured
as a combination of embraceable parameters.
From this, it follows that, unless human population decreases, the lifestyle
changes to a less energy expensive one or technology develops such that a
significantly lower energy is necessary to guarantee the same quality of life,
the energy consumption will keep on increasing, and so will do the interest
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Figure 1.1: Human development index (HDI) of different countries. Data
about HDI are taken from [7], data about energy consumption are from [8].
for all the possible energy sources. In addition, it has to be considered that
the reservoirs of the fossil fuels, which are the mostly exploited nowadays, are
estimated to be quite limited and thus not capable to guarantee long term
perspectives [9].
Another very debated aspect to be taken into account about the future
of energy is the impact of human activities on climate and on the ecosystem.
Considering the proved impact of gases CO2 and CH4 by the Greenhouse
effect, which led to international agreements to reduce the production of
such gases (e.g. the Kyoto Protocol (1997) or the Paris Climate Agreement
(2015)), an even larger interest is dedicated to energy sources which limit or
avoid the CO2 emissions. A good candidate to satisfy the criteria of reservoir
abundancy and absence of CO2 emissions is nuclear fusion. Unfortunately it
also requires technologies which have not been fully developed yet and huge
money investments to verify the feasibility of an actual fusion power plant.
The motivation to investigate the subject anyhow is strong, as previously
stated, and this suggests at least having a trial, proposing fusion as a good
challenge for the future.
At present, an international collaboration is undergoing between EU,
USA, Japan, Russia, India, South Korea and China to develop fusion tech-
nology up to the point when fusion power plants (FPP) will be an actual
opportunity and many studies are carried out to predict whether the cost of
fusion produced electricity will be acceptable, so as to guarantee a concrete
possibility for fusion to be exploited on a large scale.
Since the controlled fusion of deuterium and tritium has already been
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achieved [10, 11] for short periods of time, the studies are now aiming at
achieving an efficient plant, in which the power output is at least one order
of magnitude larger than the power input and the operation is steady-state
or has a reasonably large duty-cycle.
The roadmap which has been drawn to this target is a really long term
one. The first step, the experiment ITER [12] (described briefly in Sec-
tion 1.3), which should start operating in the ’20s, aims at achieving a ratio
Q = Pout/Pin = 10 between the output and the input power, and the gen-
eration of power for up to 1 hour without interruptions. If ITER succeeds,
the following step will be a demonstrative reactor, called DEMO (DEMOn-
stration power station), which should further increase the power gain of the
process and, differently from ITER, will be connected to the electric grid.
1.2 Main physics and engineering aspects of
nuclear fusion
This Section is devoted to describe the physics basis of the nuclear fusion re-
action and of the magnetic confinement of thermonuclear plasmas. The most
important engineering aspects concerning a fusion reactor are also presented.
1.2.1 The nuclear fusion reaction
While it happens regularly in the stars, on Earth nuclear fusion is a quite
unlikely process. The nuclear force in fact, acts on a so small scale (the
size of few nucleons) that it is generally overcome by the Coulomb repulsion
and particles may come close enough to fuse only if a large kinetic energy is
provided. The binding energy of a nucleus can be described by the so-called
"liquid drop model" [13]. By looking at the binding energy per nucleon,
shown in Figure 1.2, it may be noticed as both the fusion of light nuclei into
an heavier one (lighter than Fe) and the fission of a heavy nucleus into two
lighter ones (heavier than Fe) release energy. The largest gap in the energy
per nucleon is found between H and He.
In the stars, fusion allows for the synthesis of heavier elements starting
from protons. The main advantages for fusion in the stars are given by
high temperature T and density n, which guarantee a large reaction rate
ν = n 〈σ v 〉 even to processes with relatively low cross section σ. The 〈〉
brackets indicate that the product σv is weighted over the velocity distribu-
tion of the particles. High temperature means that matter is in the so-called
plasma state, a condition in which a non-negligible portion of atoms is split
into ions and electrons, forming a system with a collective behavior. Plasma
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Figure 1.2: Binding energy per nucleon.
is a dynamic system in which quasi-neutrality (nelectrons = Znions) is satisfied
on any scale larger than few Debye lengths [14]. The Debye length λD is
defined in Eq. 1.1, where Te and ne are the electron temperature and density,
respectively, kB is the Boltzmann constant and e is the fundamental charge.
λD =
√
ǫ0kBTe
nee2
(1.1)
To prevent particles from spreading around due to diffusion and the con-
sequent reduction of the plasma density to a value too low to have a sufficient
reaction rate for the fusion reactions, some mechanism to confine the plasma
particles is necessary. In a star, the high energy particles are confined by the
gravitational force due to the large mass of the star itself. The plasma state,
quite unusual on Earth where gravitational force is relatively low, is that of
the largest majority of matter in the universe. A plasma may be obtained
simply by heating a gas to a temperature comparable to the binding energy
of electrons to the atoms, so that a certain percentage of the atoms is ionised.
Reaching a temperature large enough to achieve fusion is also not too diffi-
cult. At this point, the problem of confinement sets and the possibility to
deal with it by the gravitational force has to be discarded. Since charged
particles are affected by electromagnetic forces, one option is to confine the
plasma by magnetic fields.
The probability for a fusion reaction to occur depends on the cross section
σ, that is dependent on the particle energy (i.e on the plasma temperature)
as shown in Figure 1.3, where the cross section for few fusion reactions is
given.
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field ~E and a magnetic field ~B, will experience the Lorentz force:
~F = q( ~E + ~v × ~B) (1.4)
The main difference between the electric term and the magnetic one is
that while the former varies the modulus of the velocity vector, the latter
varies only its direction. Hence, focusing only on the magnetic term, it may
be easily derived as the trajectory of a charged particle in a magnetic field is
helical, with a circular projection in the plane normal to the field. The radius
of such circle is called Larmor radius rL (Eq. 1.5) while the typical frequency
of the motion is named cyclotron frequency ωc (Eq. 1.6).
rL =
mv
qB
(1.5)
ωc =
qB
m
(1.6)
Another approach is to say that the particle is confined by an uniform
magnetic field to move on the surface of an infinite cylinder with radius rL
and axis along B. To improve this 2D confinement to a really 3D one, an
heuristic approach suggests to bend the cylinder so to form a torus. What
comes out from this simple approach is that an ensemble of charged particles
may be confined by magnetic fields in a toroidal form 3D space: this concept
is the baseline of most of the research about nuclear fusion and it led to the
development of different configurations. In particular, tokamak (Figure 1.4a)
and stellarator (Figure 1.4b) are considered the most promising to achieve
fusion.
In both cases the first requirement is a toroidal magnetic field, which is
generated by external magnetic coils. The main features of such magnetic
field are that:
• it is not constant (1/R dependence on the distance from the centre of
the torus)
• its field lines are bent
Both these features imply the presence of gradients which are responsible
for radial drifts of the confined charged particles [14], thus degrading the
plasma confinement. For this reason, it is important to add a poloidal field
component to induce a centripetal force. In tokamaks this is obtained by
a toroidal current, the so-called plasma current Ip, which is induced by a
central solenoid magnet. Additionally, this current helps to heat the plasma
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(a)
(b)
Figure 1.4: (a) Sketch of the tokamak configuration [15]; a central solenoid
and two groups of coils (toroidal and poloidal) are clearly visible. (b) Sketch
of the stellarator configuration [16]; currents flowing in the twisted coils (in
blue) generate the toroidal and poloidal components of the magnetic field.
by ohmic heating, dissipating in the torus a power Pohm = RpI
2
p, where Rp
is the plasma resistance.
In a stellarator the magnetic field structure is completely determined by
the form of the surrounding coils. The main advantage of not having to
externally drive a plasma current is that the instabilities due to the current
density gradients are much alleviated and that the operation is intrinsically
steady-state. On the other hand, the complex structure of the coils needed
to achieve the necessary shape for the magnetic surfaces imposes high de-
mands on the design and construction of the device. The tokamak concept is
presently considered most promising and huge investments have been done
in the tokamak ITER [12], considered as a crucial milestone in the path to
fusion. A brief description of ITER will be given in Section 1.3.
In the following, tokamak design will be taken for reference. In particular,
it is important to notice that in order to reach the plasma stability, central
solenoid and toroidal field coils are not sufficient. Since the magnetic pressure
is larger at smaller radii in fact, the plasma would tend to drift outwards if
a vertical component was not added to the magnetic field. Therefore, to
guarantee the plasma stability in a tokamak, three sets of coils are necessary:
the toroidal field coils, the central solenoid and the poloidal field coils.
The plasma is a complex system, in which small perturbations may rapidly
grow into instabilities. The most dangerous events, called disruptions, hap-
pen when the control of the plasma position is lost and the plasma hits the
wall. In such case, heat and electromagnetic loads are very severe and may
cause serious damage. A fusion device can withstand very few of such events
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and therefore many efforts are spent in the development of plasma position
feedback control and modeling [17, 18].
Once the confinement issues have been tackled and the abundancy of
the reactants has been proven there are still three aspects to be considered:
the energy balance, the engineering feasibility and the safety issues related to
radioactivity, activation of components, accidents. Such aspects are discussed
in the following.
1.2.3 Energy balance
While the helium nuclei generated by the fusion reactions are charged par-
ticles and therefore may be trapped by the magnetic fields applied for the
plasma confinement, the energetic neutrons are insensitive to the magnetic
field and impinge on the first wall of the device depositing their energy, that
is the 80% of the fusion energy yield. Thermodynamic cycles can then be set
to transform such heat into electric power.
Nuclear fusion may become a concrete energy source only if it becomes
energetic favourable. The easiest approach is to discuss this aspect by the
Amplification Factor Q, defined in Eq 1.7, as the ratio between the produced
power Pout and the power, Pinj, that has to be injected from outside.
Q =
Pout
Pinj
(1.7)
The operating regime of a fusion device may be found by imposing equi-
librium between the input power Pin and the power losses PLOSS. These two
terms can be calculated as by Eqs. 1.8 and 1.9, respectively.
Pin = Pα + Pinj (1.8)
PLOSS = PTRANSP + PRAD (1.9)
The term PRAD is given by the plasma radiation, mainly due to the
bremsstrahlung effect, while PTRANSP gives the power losses due to the trans-
port phenomena. From a practical point of view, the latter phenomena, which
are not fully understood yet, can be described in terms of the so called energy
confinement time τE, by writing:
τE =
W
PTRANSP
(1.10)
where W is the total energy stored in the plasma. The power input is
instead given by the α-particle contribution Pα and the power injected from
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outside Pinj, that may be calculated as the sum of the ohmic heating Pohm by
the current flow inside the plasma and the power PADD provided by additional
heating systems.
It is generally called ignition the condition in which the fusion reactions
can self-sustain themselves i.e. after an initial power input, all the energy
required to induce fusion reactions is provided by previous fusion reactions.
Such condition corresponds to Q = ∞. Neglecting PRAD and Pinj, ignition
can be directly related to the triple product nTτE, where n is the plasma
density, T the plasma temperature and τE is the energy confinement time,
determining a minimum triple product required for ignition [19]. Such con-
dition, usually referred to as Lawson criterion, can unfortunately be taken
just as a reference since the power losses are very large. In particular, the
maximum plasma temperature attainable by ohmic heating in a tokamak is
lower than 5 keV since the plasma resistivity, and thus the dissipated power
Pohm, decreases for increasing temperature, while the radiative losses are pro-
portional to T 1/2. To reach and sustain the effective operation temperature
(between 10 and 40 keV), the use of additional heating is therefore manda-
tory. The improvement of the fusion device performance in terms of nTτE
and Q in the last decades is shown in Figure 1.5.
Figure 1.5: Performances of fusion relevant devices achieved in the last
decades in terms of the triple product nTτE [20].
Auxiliary heating systems are based on two concepts: coupling of RF
waves to the plasma and injection of highly energetic particles (see Fig-
ure 1.6).
In the former case, in order to maximize the energy transfer, the wave
frequencies are those specific of the plasma, so to exploit resonances. In
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Figure 1.6: Schematic of the possible auxiliary heating systems [21].
this way, the wave power is directly transferred to the plasma charged parti-
cles, which then collide with each other increasing the overall temperature.
This process is called radiofrequency heating. The reference frequencies are
the ion cyclotron ωc,i and the electron cyclotron ωc,e frequencies, given in
Eqs. 1.11 and 1.12, where Z and A are the atomic and mass number of the
ion, respectively, and n is the considered harmonic.
ωc,i[MHz] = 15B[T]
Z
A
· n (1.11)
ωc,e[GHz] = 28B[T] · n (1.12)
The injection of energetic particles, on the other hand, exploits collisions
for energy and momentum transfer to the plasma particles. Since charged
particles are impossible to enter the magnetically confined plasma due to the
strong magnetic fields applied to confine the plasma, it is necessary to create
and inject fast neutral beams in the torus by means of the so called Neutral
Beam Injectors (NBIs). Since this thesis is about modeling particle beam
and measuring their properties, it is worth giving some more details about a
neutral beam injector as a device. The main features and components of a
NBI system are thus described in Section 1.4.
RF waves and NBI provide not only plasma heating but also current drive,
which sustains the plasma current allowing for continuous operation. In the
case of ECRH (electron cyclotron resonance heating), being the current drive
very localized, the injection of RF waves also helps controlling some current
driven plasma instabilities.
Since the operational temperature is defined by the dependence of the
fusion reaction cross section on temperature itself, when aiming at increasing
the triple product efforts should be focused on the plasma density and the
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energy confinement tim; unfortunately some limits have been identified. For
example the plasma density should not overcome the so-called Greenwald
density nG, which is empirically expressed in Eq. 1.13, where IP is the plasma
current and a is the minor radius of the torus [22].
nG[10
20m−3] =
IP[MA]
πa[m]2
(1.13)
A huge step forward in terms of the energy confinement time has been
achieved with the discovery of the H-mode [23] in the so-called divertor con-
figuration. The basic idea of such configuration is to create a magnetic null
(X-point) in the lower part of each poloidal section, as shown in Figure 1.7.
Figure 1.7: Basic schematic of the divertor concept [20].
Charged particles within the last closed magnetic flux surface (LCFS)
move along nested magnetic field lines, while particles exiting the confined
region hit mainly the divertor plates. Power exhaust is therefore localized
mostly in the divertor region. This solution, very helpful to increase the
energy confinement time, is on the other hand very demanding in terms of
material properties. If the heat load on the first wall is generally lower than
1 MW/m2 in fact, on the divertor plates it may peak up to tens of MW/m2.
Even if the physics of transport phenomena is not fully understood yet, by the
data of different devices some scaling laws could be determined. In particular,
the energy confinement time is found to increase with the reactor size [24].
The size of a fusion device is thus a crucial parameter for its efficiency. The
main drawback of this finding is that fusion devices have to increase their
size, which implies not only bigger costs but also many more engineering
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complications. Some of these issues are briefly mentioned in the following
section.
1.2.4 Other key issues
A Fusion Power Plant is a complex device in which engineering and safety
issues are fundamental. Concerning safety, the main advantage of nuclear
fusion with respect to fission lies in its passive safety: it is so hard to achieve
and sustain the physical conditions necessary for fusion, that in any case of
anomalous operation of the fusion device, it would be easy to stop it without
consequences over a big scale, like those coming, for example, from chain
reactions in fission. In addition, the nuclear waste produced by neutron
activation of the materials composing the fusion device have a much shorter
lifetime (some decades).
The main engineering issues are related to power exhaust, superconduct-
ing magnets, lithium breeding, activation of the materials, embrittlement and
realization of the neutral beam injectors. In view of ITER and DEMO for
example, dedicated test facilities have been devoted to study the embrittle-
ment of the materials under neutron irradiation (IFMIF [25]) and to achieve
the required performance for the neutral beam injectors (PRIMA, Consorzio
RFX, Padova [26]).
1.3 ITER
The tokamak ITER, an overview of which is given in Figure 1.8, represents
the most advanced project on nuclear fusion. ITER is a very huge device.
Its torus has a minor radius a = 2 m, a major radius R = 6.2 m and in terms
of size it represents a big step forward with respect to the largest tokamaks
operating nowadays (e.g. JET: R = 3 m, a = 1.25 m and JT-60U: R = 3.4 m,
a = 1.0 m). As shown in the figure anyhow, the size of the complementary
devices (magnets, cryostat, bioshield) exceeds by far the size of the torus.
The ITER facility is in Cadarache (France), and the project is funded by
EU, USA, Russia, Japan, India, China and South Korea. ITER operation
foresees many scenarios, in which different goals will be aimed to. Some of
these objectives are to reach a Q=10 ratio between output and input power
in short pulse operations, to reach a pulse length up to 1 hour and to test
the viability of different options for some of the yet open issues identified
in the roadmap to fusion. ITER main parameters are listed in Table 1.1.
Before moving to D-T fusion, experimental campaigns will be performed in
hydrogen and deuterium to test the various components of the machine.
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Figure 1.8: View of the ITER tokamak [12].
In order to heat the plasma to the necessary operation temperature
(15 keV), both RF waves and neutral beam injectors (NBI) will be adopted
as additional heating systems. The selected frequencies are close to the typ-
ical motion frequencies of the plasma particles, such as the ion or electron
cyclotron frequency (40-60 MHz and 170 GHz, respectively). The NBIs will
inject 16.5 MW each.
Parameter Value
Fusion power 500 MW
Power gain factor Q 10
Pulse length up to 3600 s
Plasma major radius 6.2 m
Plasma minor radius 2.0 m
Plasma current 15 MA
Toroidal field at 6.2 m radius 5.3 T
Table 1.1: ITER main parameters [12].
1.4 Development of neutral beam injectors
The motivation to further study and develop neutral beam injectors is that
they can both heat the plasma and drive a current through it, thus sustain-
ing the plasma discharge, which is fundamental when aiming at stationary
operations. Furthermore, the torque induced by the beam to the plasma has
beneficial effects on the plasma stability.
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This section aims at describing the main components of one neutral beam
injector and its most important figures of merit, that are the overall efficiency,
the beam optics and the beam homogeneity: all of these aspects will be
introduced in the following. A scheme of principle of a neutral beam injector
is given in Figure 1.9.
Figure 1.9: Scheme of principle of a neutral beam injector.
To obtain fast neutrals, it is necessary to create ions, electrostatically
accelerate them and neutralise them again before they enter the plasma.
The conceptual design of a neutral beam injector has to be done backwards,
considering what the NBI system has to deal with, i.e. a plasma magnetically
confined in a torus. In particular, it is important to size the system so that
the fast neutrals deposit their energy in the plasma core, avoiding beam
absorption at the edge (beam energy is too low) or beam shine-through, i.e.
a strong heat deposition on the first wall in front of the vessel port used for
injection (beam energy is too high).
The first aspect to be considered is thus the beam-plasma interaction,
leading to the beam particle ionisation, which may occur by collision with
ions or electrons or by charge exchange with neutrals from the plasma. Such
processes are described in Eqs. 1.14-1.16, in which fast particles have been
underlined.
H0 + e→ H+ + 2e (1.14)
H0 +H+ → H+ +H+ + e (1.15)
H0 +H+ → H+ +H0 (1.16)
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The overall cross section for this ionisation processes over a wide range
of beam energy is basically inversely proportional to the beam energy itself,
as shown in Figure 1.10. This means that the mean free path is proportional
to energy itself. The beam is injected tangentially to the torus and, in order
to have a sufficient penetration distance while avoiding shine-through, the
beam energy is generally chosen so that the mean free path is in the order of
the minor radius of the torus. For ITER, where the minor radius is a=2.0 m
and the plasma density is in the order of 1020 m−3, the beam should have an
energy of several hundreds keV. According to the ITER NBI design, particles
will be accelerated up to 1 MeV [27].
Figure 1.10: Cross sections for the beam particle ionisation reactions. Sub-
scripts cx, ii, ie stand for charge exchange, ionisation by ions and ionisation
by electrons, respectively. Data are from [28].
The second aspect to be considered is that, since not all of the acceler-
ated ions can be neutralised before the beam injection in the torus (i.e. the
neutraliser efficiency is lower than 1), the last component before the entrance
port has to deflect residual high energetic ions and electrons, so that their
power (in the order of some MWs in the ITER case) is dumped in a controlled
way on some properly designed and actively cooled component: this element
is called residual ion dump (RID).
The third aspect to be considered regards the key component, which is
of course the neutraliser. In particular, as the neutralisation efficiency of
positive ions falls abruptly with increasing energy [29], the choice for the
ITER NBI and for a future DEMO is to use negative ions. The production
and acceleration of negative ions gives many challenges. The cross section for
a negative ionisation, i.e. the attachment of one electron to a neutral H/D
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atom, is in fact very low, while the binding energy of the additional electron
in a H−/D− ion is also very low (0.75 eV), making the survival of such ions
very difficult. This difficulty turns into one of the key issues regarding neutral
beam injectors: the efficiency, which strongly affects the plant efficiency.
The ITER NBI design foresees a gas neutraliser, whose efficiency is the-
oretically limited to about 60%. Considering the other stages of the system,
the overall efficiency that may be reached by the ITER NBIs is about 30%,
with a throughput of 16.5 MW with a 50 MW consumption, per each injec-
tor. Many studies are ongoing about the possibility to use a plasma [30] or
a laser neutraliser [31], which could reach efficiencies about 80% and 95%,
respectively.
The main reactions occurring in the neutraliser are given by Eqs. 1.17
and 1.18. The fast particles have been underlined.
H− +H2 → H0 + e + H2 (1.17)
H0 +H2 → H+ + e + H2 (1.18)
If N− and N0 are the densities of negative ions and neutrals, n is the gas
density in the neutraliser and σ−10, σ01 are the cross section for the loss of
one electron by H− (Eq. 1.17) and by H0 (Eq. 1.18) respectively, the following
relations hold:
dN−
dx
= −nσ−10N− (1.19)
dN0
dx
= nσ−10N
− − nσ01N0 (1.20)
By solving for N0 one gets:
N0 = N−0
σ−10
σ−10 − σ01
(
enσ01x − e−nσ−10x) (1.21)
where N−0 is the density of negative ions at the beginning of the neu-
traliser. The cross sections σ−10 and σ01 can be written as functions of the
beam energy Eb. The ratio between neutral hydrogen and ions is then a func-
tion of the beam energy, the length of the neutraliser and the gas density.
The maximum of such function is around 0.60, that is the best theoretical
efficiency for a gas neutraliser, as previously mentioned.
The fourth aspect to be considered is the ion acceleration. The electro-
static accelerator sits before the neutraliser and it is made by a system of
grids at increasing potential, from −Eb V to 0 V. It is important to note
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as different stages of the NBI device have different and sometimes opposite
requirements. While in the neutraliser a large gas pressure is necessary to
increase the neutralisation efficiency, in the accelerator neutralisation is unde-
sired as part of the available energy would be given to the stripped electrons,
which then have to be dumped. The ionisation occurring in the accelerator
is referred to as stripping and the design of the NBI aims at lowering this
component as much as possible.
In the last decades, two concepts have been studied for the electrostatic
accelerator. The first, called SINGAP is a single gap and a single aperture ac-
celerator. This means that ions are accelerated in one single step from -Eb V
to 0 V and the grids are formed by one single framework. In the second con-
figuration, called MAMuG (Multi Aperture Multi Grid) the acceleration is
divided in different steps and the grids feature many apertures with a typical
radius in the order of 10 mm, so the beam is formed by many beamlets. The
MAMuG configuration has been preferred by the ITER organization as most
of the electrons produced by stripping or ionisation of the background gas
hit the grids of the accelerator before being fully accelerated, thus reducing
the power losses of the NBI, as calculated in [32].
The voltages applied in the different stages of the accelerator determine
the beam optics, which is crucial to maximize the percentage of the beam
that propagates along all the NBI and eventually enters the torus. The beam
optics may be described in terms of the so-called divergence. The beamlet
divergence is a measure of the beamlet widening and it is related to the
width of the particle velocity distribution in the beamlet, that is generally
bell-shaped. A Gaussian distribution is often assumed and divergence is
measured as the standard deviation or the 1/e width of such distribution.
In the accelerator, the radial potential well due to the beam space charge
is generally negligible with respect to the grid potential and this, together
with the finite size of the apertures, limits the beamlet widening and there-
fore the maximum divergence that beamlets may have at the exit of the
accelerator.
In the drift region immediately after the accelerator, where no other volt-
ages are applied, the beam self-induced potential tends to enlarge the velocity
distribution, thus increasing the beamlet divergence. The interaction with
the background gas is very beneficial to avoid such effect. Such interaction
is given by Eqs. 1.22-1.23. As in Eqs. 1.17-1.18, the fast particles have been
underlined.
H− +H2 → H0 + e− +H2 (1.22)
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H(−/0/+) +H2 → H(−/0/+) + e− +H+2 (1.23)
The slow secondaries created in such reactions can form a plasma and
therefore shield the beam self-induced potential. This phenomenon, called
space charge compensation (SCC), is fundamental for avoiding the beamlet
divergence to keep on increasing [33]. In particular then, the larger is the
pressure in the drift region and the earlier the beam will be compensated.
Last but not least in this brief overview stands the negative ion source, where
ions are created by coupling a certain power to a H2/D2 gas, so as to form a
plasma. The ionisation reactions are given in Eqs. 1.24-1.26.
H2 + efast → H∗2(ν) + e (1.24)
H∗2(ν) + eslow → H+ H− (1.25)
H,H+ + e→ H− (1.26)
The first 2 reactions give the so-called volume production, i.e. the ioni-
sation due to processes occurring in the source plasma bulk. In the source
volume, ionisation is generally a two step process, since the cross section for
the electron dissociative attachment (Eq. 1.25) becomes significant only when
the H2 molecule is vibrationally excited to some high level (ν ≥ 5). Such
excitation may be induced by the impact with a fast electron, as indicated
in Eq. 1.24.
Eq. 1.26 refers instead to the so-called surface production. The effi-
ciency of the latter process depends on the work function of the material
the inner surfaces of the ion source are made of, that in general is copper
(ΦCu = 4.7 eV). This ionisation channel proved to be very efficient if a very
low work function material is evaporated in the source; for such purpose the
reference material is cesium (ΦCs = 2.1 eV)[34]. The reason for this is that
the cesium deposition on the source inner surfaces lowers the work function,
increasing the attachment of electrons to H atoms or ions impinging on such
surfaces. As a matter of fact, when a negative ion source is operated with
cesium, the extracted current is one order of magnitude larger. The distri-
bution of the cesium is crucial for the beam inhomogeneity, that for a beam
formed by Nb beamlets may be defined as by Eq. 1.27, where Iavg is the
average beamlet current calculated as by Eq. 1.28.
ν = max
(
Ii − Iavg
Iavg
)
(1.27)
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Iavg =
∑Nb
i=1 Ii
Nb
(1.28)
The efficiency of one NBI finally, may be calculated in terms of power
(Eq. 1.29) or in terms of the current drive it induces (Eq. 1.30):
ηP =
PINJ
PNBI
(1.29)
ηCD = R0ne
ICD
PNBI
[
1020
A
Wm2
]
(1.30)
where PNBI is the power that is necessary to run the NBI, PINJ is the
power actually injected in the torus, ICD the driven current, R0 and ne the
major radius of the torus and the electron density, respectively. It is worth
noticing as ηP is a property of the NBI itself, while ηCD measures the coupling
between the beam and the plasma and therefore it does not depend only on
beam parameters.
Since this thesis focuses on negative ion beams, in the following no further
details will be given or discussed about components lying from the neutral-
izer onward. A more detailed discussion about negative ion sources and
accelerators is provided in the next Chapter.

Chapter 2
Negative ion sources and beams
This Chapter aims at describing the main features of negative ion sources and
beams. In particular, Section 2.1 focuses on the ion source introducing the
arc source and RF source concept, while Section 2.2 will deal with the ideas
on the basis of the accelerator concept. Section 2.3 describes the approach
usually followed in modeling the acceleration of a negative ion beam, focusing
in particular on the numerical codes that will be adopted for such purpose in
Chapter 4 and 5, i.e. OPERA and EAMCC3D. Finally, Section 2.4 describes
briefly the facilities SPIDER and NIO1.
2.1 Negative ion sources
The negative ions composing the beam are created within an ion source
in which a D2 (or H2) gas is ionised thus forming a plasma. Since fusion
applications require a very high current (tens of A), the extraction area, and
consequently the whole accelerator size, are very large.
For NBI two types of ion sources are commonly utilized: arc sources and
RF sources. In the former, a current is driven in tungsten filaments, heating
them up to 2000-3000 K so as to produce electrons by thermionic effect. The
filaments are kept at a potential about -100 V with respect to the source
body. Electrons are then accelerated towards the source walls inducing the
ionisation of the source filling gas.
The tungsten filaments are consumed due to the sputtering caused by
the impinging ions and they have to be changed regularly. The duration
estimate in the case of ITER is about six months [35]. The efficiency of arc
driven ion sources was proved in many test beds, also for large extraction
area experiments [36, 37].
In the RF sources an oscillating electromagnetic field is induced in the
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gas by means of RF coils. Electrons can gain from such field a kinetic energy
sufficient to ionise the gas forming a plasma. Differently from arc driven ion
sources, the RF sources are almost maintenance free and this, together with
the better plasma homogeneity they seem to exhibit, represents one of the
reasons why they have been selected for the ITER NBI system [38].
RF sources have been developed at IPP in Garching in the last decades
and most of ITER NBI ion source requirements have been fulfilled separately
at different test facilities using the IPP prototype RF source. To confine
the plasma inside the source, arrays of permanent magnets are mounted
on the external part of the chamber and arranged so to form a multipole
configuration, as shown in Figure 2.1. Such solution efficiently limits the
losses of plasma particles onto the source walls. The intensity of the resulting
magnetic field is very large close to the walls and it rapidly decays moving
towards the source bulk.
Figure 2.1: Schematic of a RF negative ion source.
The IPP prototype negative ion source consists of three parts: driver,
expansion region and extraction region. The driver is the region where the
RF power is coupled to the plasma. It is formed by a RF coil connected
to an oscillator. The coil is water cooled and wrapped around an alumina
(Al2O3) cylinder which is shielded from the plasma by a Faraday screen [39].
The typical RF frequency is about 1 MHz and the RF power is tens of kW.
The electron temperature and density inside the driver are in the order of
Te ∼10 eV and ne ∼1018 m−3, respectively [40]. In the expansion region the
plasma expands and, as a result, a first cooling occurs.
As described in Section 1.4, ions are produced in the ion source volume
by the dissociative attachment process which may occur after the excitation
of high vibrational levels in the electronic ground state of the H2 molecule
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[41, 42]. Another option for the ion production are the so-called surface
processes, which are based on the conversion of hydrogen particles impinging
on the source walls. Such ionisation channel can be divided in two branches:
atomic and ionic, depending on the charge state of the hydrogen particles
approaching the wall.
The efficiency for this H− production channel is related to the work func-
tion of the source inner surfaces. A reduction of such work function may be
accomplished by the evaporation of cesium into the source and the subsequent
formation of Cs layers on the wall surfaces [34, 43]. Cesium is distributed in
the source during vacuum phases and plasma pulses.
Handling the cesium distribution in the source volume is not easy and this
represents the main concern about the surface processes. Volume processes
are much easier to handle but at the operation pressure of 0.3 Pa (required for
ITER NBI) the ion production they guarantee is not enough to fulfill ITER
requirements at a sufficiently low ratio of co-extracted electrons to extracted
H− [39]. For this reason exploiting the surface processes is mandatory.
Since the additional electron of H− ions is weakly bound (its binding en-
ergy is 0.75 eV), negative ions have a low survival length in the source (few
centimeters), therefore most of the extracted H− are those created close to
the extraction area. The boundary between the ion source and the accel-
erator may be indentified in the so-called plasma grid (PG). Such grid is
generally kept at the source potential and ions are accelerated through its
apertures by applying a potential difference between the PG and the first
grid of the accelerator, named extraction grid (EG). The most important re-
neutralisation processes that may occur are detachment (Eq. 2.1 - 2.3) and
mutual neutralisation (Eq. 2.4 - 2.6).
H− + e→ H+ 2e (2.1)
H− +H→ H2 + e (2.2)
H− +H2 → H+ H2 + e (2.3)
H− +H→ 2H (2.4)
H− +H2 → H2 +H (2.5)
H− +H3 → 2H2 (2.6)
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In order to reduce the H− re-neutralisation in the plasma of the ion source
and the amount of co-extracted electrons, the electron density and temper-
ature in the plasma close to the extraction area have to be reduced. To
such purpose a magnetic field, named filter field, is generated in front of the
plasma grid by means of permanent magnets or by the flow of a current
Ifilter through the PG itself. The hot electrons coming from the back of the
source can transverse the filter field region mainly by Coulomb collisions, for
which σ(v) ∼ v−4 [44]; therefore the colder are the electrons, the larger their
likelihood to overcome the filter field. As a result, the electron particle dis-
tribution close to the PG has a lower density and temperature. Typically, a
magnetic filter field of few mT is enough to reduce the electron temperature
Te to about 1-2 eV.
The filter field influences also the ion current. Nevertheless, its efficacy
in bending the ion trajectories is much lower, due to their much larger mass,
and therefore the ratio between electron and ion extracted current densities
je/jH− can be efficiently decreased. For the ITER NBI, the deflection of the
beam due to the magnetic filter field will be compensated for by a suitable
arrangement of the permanent magnets in the extraction grid [45].
2.2 The electrostatic accelerator
To extract the ions created within the ion source a potential difference is ap-
plied and therefore, differently from what happens with positive ion sources,
also many electrons are co-extracted from the source. If no countermeasure
is taken, the co-extracted electron current Ie is generally much larger than
the ion extracted current IH− . This has two main drawbacks:
• the efficiency of the NBI lowers, since a lot of energy is given to particles
which have to be dumped;
• the heat load that co-extracted electrons carry on the surface they
are dumped onto may become too large to be handled in continuous
operation
For such reason, one of the main drive in the design of one negative ion
accelerator is the aim to minimize as much as possible the presence of elec-
trons inside the accelerator, that turns into the necessity to lower Ie (by the
filter field mentioned in 2.1) and to dump the electrons onto some properly
cooled surface before they are accelerated at full energy. The latter result is
accomplished by two countermeasures, which lead to the basic concept of a
negative ion accelerator. The first is to divide the accelerator in more than
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one gap, i.e. featuring at least one grid between the first (the PG) and the
last grid of the accelerator.
The second is to install permanent magnets in the extraction grid so to
dump the co-extracted electrons onto its surface before they take too much
energy from the electric field; such magnets are called CESM (Co-extracted
Electrons Suppression Magnets).
The first grid of the accelerator is generally placed at the same potential
of the ion source (that is -Eb ) and it is therefore called plasma grid (PG).
The last grid (GG) is grounded. The voltage drop between PG and EG is
called extraction voltage (Uex = VEG − VPG), while the voltage drop in the
second gap is called acceleration voltage (Uacc = VGG − VEG).
The magnetic field generated by the CESM magnets is perpendicular to
the filter field, as shown in Figure 2.2. In addition, the CESM magnets of two
neighbours aperture have opposite polarity. This means that the deflection
of beamlet columns (or rows, depending on how the magnet are installed) is
alternate upward/downward (or leftward/rightward).
While electrons are dumped on the EG, the ions, due to their much larger
mass (mH/me = 1837), can go through the grid apertures and be accelerated
with a minor deflection. The residual deflection of the ion beamlets can be
compensated by additional sets of magnets [46].
Figure 2.2: Magnets disposition in the extraction grid [47].
The potential surface V=0 (with respect to the ion source) has the shape
of a meniscus, whose concavity depends on the extraction voltage, the size
of the apertures and the plasma parameters [48]. As the source parameters
(e.g. the RF power PRF and the source pressure ps) are directly related to
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the amount of ions available for extraction, also the extraction voltage has
a direct influence on the extracted current. By modeling the extractor as a
plane diode, the Child-Langmuir law (see Eq. 2.7) may be derived [49]. Such
law gives the maximum current density of a species with charge Ze and mass
m which may be extracted applying a voltage difference Uex over a distance
d. This limit is due to the beam space charge. It is worth noticing that the
lighter is the species, the larger the maximum extractable current, as particle
velocity is larger and thus the local space charge is lower.
je =
4ǫ0
9
√
2Ze
m
U
3/2
ex
d2
(2.7)
Given a species (Z,m) and a gap of length d, the amount of extractable
current is proportional to U
3/2
ex . This means that, at a certain point, when
aiming at increasing the extracted current, if Uex is not large enough there
is no benefit in increasing further the power coupled in the source (i.e. the
availability of free charges). On the other hand, enlarging the extraction
voltage may also be useless if PRF or the source pressure ps are too low.
The aim of a NBI is to inject the beam particles into a fusion reactor and
to this purpose the aiming of the accelerated particles is crucial. Such aiming
can be described in terms of two parameters: the beam deflection and the
beam divergence. The former, that is due to the magnetic fields the particles
have to experience and to the beamlet-beamlet Coulombian repulsion, may
be calculated as the average direction of the particle motion with respect to
the accelerator axis (see Eq. 2.8). The latter may be calculated as the root
mean square of the particle aiming angle with respect to the average (see
Eq. 2.9). Both these features are determined by the electrostatic accelerator.
α = θavg =
∑N
i=1 θi
N
(2.8)
δ = θRMS =
√∑N
i=1(θi − θavg)2
N
(2.9)
The role of the first gap is crucial as it defines the beam perveance
(Eq. 2.10), to which divergence can be directly related.
Π =
Iex
Uex
3/2
(2.10)
As shown in Figure 2.3 in fact, when perveance is below a certain value
Πopt, the extraction voltage focuses the beam too early, giving too large
divergence at the end of the accelerator (see Figure 2.3a). In the same way,
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when perveance is beyond Πopt, the beam space charge is too large with
respect to the focusing capability of the extraction voltage Uex (see Figure
2.3c).
(a) (b) (c)
Figure 2.3: Simulation of beam acceleration for the NIO1 ion source by the
code OPERA (see Section 2.3), Uex = 5 kV, Uacc = 45 kV. Z axis is compressed
by a factor 2. (a) jex = 10 A/m
2, Π = 4 · 10−10 A/V3/2; (b) jex = 30 A/m2,
Π = 1.2 · 10−9 A/V3/2; (c) jex = 100 A/m2, Π = 4 · 10−9 A/V3/2.
The optimum perveance Πopt corresponds to optimized extraction. In
order to optimize the beam optics also the voltage Uacc applied to the second
gap has to be properly set. It comes out, in particular, that an optimum may
be found also for the ratio R = Uacc/Uex. The three grids of the accelerator
may thus be thought as a system of two lenses. Starting from the ratio Ropt
that produces the best beam optics, any change in one of the two voltages
corresponds to a shift of the focal point of the corresponding lens along the
beamlet axis. Either a forward or a backward shift from the optimum ratio
turns into a widening of the beam itself.
As the beam propagates after the accelerator, its self-induced potential
tends to widen the particle velocity distribution in the plane normal to the
beam axis (see Figure 2.4a). The onset of the space charge compensation,
as stated in Section 1.4, is therefore fundamental to keep divergence from
further increasing (see Figure 2.4b). The velocity distribution in the plane
normal to the beam axis is bell-shaped. For such reason, the beamlet shape
which is generally assumed, e.g. in calculation about beam power deposition
on the calorimeter, is a 2D Gaussian. In such case, the definition of beamlet
divergence given in Eq. 2.9 is equivalent to the standard deviation of the
Gaussian itself.
Experimental evidence suggests that the beamlet shape is better de-
scribed as the superposition of two Gaussians, i.e. that a non-negligible
portion of the beam has a significantly larger divergence with respect to the
majority of the beam particles [50, 51]. The ITER NBI has been designed
under the assumption that such broader component, named beam halo, car-
ries about 15% of the beam current. From the modeling point of view, the
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particularly suitable for calculating the magnetic field due to the CESM
magnets in the extraction grid of the accelerator. Afterwards, the calculated
magnetic field can be imported into a SCALA model.
The SCALA module is used to track charged particles in a prescribed
electromagnetic field. While the magnetic component on every node is taken
as an input, the electric one is determined by an iterative procedure, so as
to take into account the effect of the beam space charge, as described in the
following.
In the first iteration the potential distribution is determined by solving the
Laplace equation with Dirichlet boundary conditions on the surfaces of the
accelerator electrodes. The electric field is then calculated from the potential
distribution and utilized for the particle tracking. The particle space charge is
distributed on the mesh nodes according to the particle trajectories and used
to solve the Poisson equation in the following iteration. An example of such
iterative procedure is given in Figure 2.5, where the trajectories obtained by
the code OPERA in subsequent iterations for a single beamlet simulation of
the NIO1 accelerator (Section 2.4.2) are shown.
(a) (b) (c)
Figure 2.5: Particle trajectories by the code OPERA. JH = 3A/m
2,
Uex = 1.3 kV, Uacc= 11.7 kV. (a) Iteration n.1, (b) Iteration n.2, (c) Iter-
ation n.3. Z axis has been compressed by a factor 2.
The solver iterates up to an equilibrium solution from which the particle
trajectories can be taken and utilized to determine the beam main features,
such as average deflection and divergence. When modeling the extraction
from the plasma source, the key point is the determination of the plasma
meniscus. In many codes the shape of the meniscus is taken as an input.
OPERA instead, may determine the location of the plasma meniscus in a
self-consistent way once a potential VM is specified for the meniscus surface
(usually VM < 3 V). Particles are emitted from a flat emitter upstream the PG
with a starting velocity that approximates the energy gained in the sheath at
the plasma free boundary from which the particles are extracted. Particles
move inertially until they cross the equipotential line where V = VM; after
that point they actually start feeling the electric and magnetic field.
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In OPERA it is also possible to emit more than one species from the
same emitter, that is fundamental to take into account the space charge
due to the co-extracted electrons. Such contribution, in general negligible
due to the large ratio
√
mH−/me, has to be taken into account when the
current ratio Ie/IH− is in the order of
√
mH−/me, that happens particularly
in volume production regime. A similar situation occurred regularly in the
early operation of NIO1 and therefore the possibility to track both ions and
electrons was exploited for modeling the NIO1 case, as will be described in
Section 4.1.1. Finally, OPERA allows to consider the stripping by reducing
consistently the beam current along the accelerator.
The EAMCC3D code is a 3D version of the EAMCC code [57], developed
at CEA (Commissariat a l’Energie Atomique, France), is devoted to model
the beam transmission in the accelerator. Differently from OPERA, EAMCC
do not solve for the electromagnetic fields, but it models the interaction with
the background gas and the accelerator grids following also the generated
secondaries in their motion. In particular, its inputs are the maps of electric
potential and magnetic field and a pressure profile along the accelerator and
it provides the heat loads on the accelerator components and the trajectories
of primary and secondary particles. In particular then, it may determine the
beam stripping and the amount of positive ions as the H+ given by double
stripping reactions and the H+2 given by the ionisation of the background
gas that are accelerated towards the ion source (backstreaming ions). Both
OPERA and EAMCC3D will be adopted in Chapter 4 and 5 to model the
NIO1 accelerator.
2.4 The SPIDER and NIO1 test facility
This Section is devoted to describe the SPIDER test facility [59], whose di-
agnostic calorimeter is one of the main topics of this thesis, and the NIO1
test facility [60], about which both modeling activity and calorimetric char-
acterization have been carried out.
2.4.1 SPIDER
SPIDER (Source for the Production of Ion Deuterium Extracted by Radio-
frequency), a drawing of which is given in 2.6b, is dedicated to the opti-
mization of the ion source performance. Many features of the negative ion
beam (e.g. the optics and the homogeneity) are in fact strongly dependent
on what happens in the first stages of the acceleration and, in particular, in
the extraction from the ion source.
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(a) (b)
Figure 2.6: (a) SPIDER vacuum vessel in the PRIMA facility. (b) Drawing
of the SPIDER facility. The yellow shaded area represents the ion beam,
main components are indicated.
The experience gained in the SPIDER operation will be fundamental
when operating the full injector prototype MITICA (Megavolt ITER Injection
Concept Advancement) [61, 62], for which much larger power will have to
be handled. While MITICA, whose main parameters are listed in Table 2.1,
features all the components presented in Section 1.4, in SPIDER all the com-
ponents downstream the accelerator are missing, and the negative ion beam
is dumped onto a calorimeter before the neutraliser. As a result, the SPIDER
facility is much smaller. The main difference between SPIDER and MITICA
accelerator is given by the beam energy, that in SPIDER is ten times smaller,
i.e. 100 keV.
Parameter Hydrogen Deuterium
Power delivered to ITER 16.7 MW 16.7 MW
Extracted current density ≥330 A/m2 ≥280 A/m2
Extraction Area 0.2 m2 0.2 m2
Accelerated current ≥ 46 A ≥ 40 A
Accelerated ion energy 0.87 MeV 1 MeV
Ratio of co-extracted electrons to ions < 0.5 < 1
Source Pressure 0.3 Pa 0.3 Pa
Beam divergence ≤ 7 mrad ≤ 7 mrad
Beam inhomogeneity < 10 % < 10 %
Table 2.1: ITER NBI requirements.
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To optimize the SPIDER performance a crucial role is played by the
source and beam diagnostics. Since this thesis focuses on the beam features,
a brief description of the beam diagnostics is given in this section, while for
the source diagnostics the reader may refer to [63]. The beam diagnostics
will be the beam emission spectroscopy (BES), the optical tomography, the
instrumented calorimeter STRIKE and the SPIDER beam dump. The main
difference between STRIKE and the SPIDER beam dump (SBD) is that the
latter is actively cooled and therefore may withstand the beam power load up
to the design pulse length of one hour, while the former is limited to pulses
of few seconds spaced out by cooling down phases of about twenty minutes
when SPIDER operates at full performances. Both STRIKE and the beam
dump are observed by infra-red (IR) cameras to determine a 2D map of the
beam induced temperature increase and equipped with thermocouples so to
properly calibrate the IR cameras.
The beam dump, a picture of which is given in Figure 2.7, consists of
two walls arranged in V-shape. The angle between the panels is 60◦, so
that each of them is inclined by 30◦ with respect to the beam axis. Such
solution reduces the incident power density of a factor 2 with respect to the
case of a perpendicular incident beam. Each panel is composed of 31 sub-
panels named hypervapotrons (HVs), vertically stacked. The HVs are made
of CuCrZr alloy, are actively cooled and equipped with thermocouples for
calorimetric and beam profile measurements. The beam dump surface has
been coated with a MoS2 blackening layer so to lower its reflectivity and
improve the quality of the thermographic measurement by the IR cameras.
The STRIKE sensors are carbon-carbon fibre composite (CFC) tiles (376×
142 × 20 mm3). In such case, the observation has to be performed from the
rear side to avoid measurement errors due to the emission of debris from the
beam irradiated tile surface.
The key advantage of the instrumented calorimeter STRIKE, shown in
Figure 2.8, with respect to the SPIDER beam dump and the optical diag-
nostics is the space resolution, being STRIKE the only diagnostics actually
capable of measuring beam properties at the beamlet scale. On the other
hand, its weak points are given by the limits in the energy it can accom-
modate and by the time resolution. In particular, the determination of the
impinging heat flux Q(x, y) from the 2D map of temperature TREAR(x, y)
measured by the infra-red cameras will always provide the average heat flux
of a certain time interval, whose duration is related to the characteristic time
for heat diffusion within the tile.
STRIKE will therefore be mostly exploited in the first part of the SPIDER
operation, when beam power will be reasonably limited (in particular in
volume operation without cesium) and it will be fundamental to "train" the
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(a) (b)
Figure 2.7: (a) Picture of SPIDER beam dump in the neutral beam test
facility. (b) Scheme of SPIDER beam impact on the SPIDER beam dump
surface.
optical diagnostics. Being one of the main topic of the present work, a full
chapter has been dedicated to STRIKE (see Chapter 3).
Figure 2.8: Drawing of STRIKE calorimeter in its closed configuration.
Beam emission spectroscopy (BES) is based on the Doppler effect i.e. the
shift in the central wavelength of an emission line emitted by a particle which
is moving with a non-zero speed in the direction parallel to the optical axis
of the detector (spectrometer). Such effect allows to measure the beamlet
divergence and homogeneity. Let θ be the angle between the optical axis and
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the trajectory of the radiating particle, then the wavelength λ0 is shifted to
λ = 1+βcosθ√
1−β2
λ0 where v = βc is the particle velocity, and c is the light velocity.
In the case of negative hydrogen ion beams, the (n = 3) excitation of Balmer
line (Hα) are generally considered, since atoms in state n = 3 are created
in the collisions of the ions with the residual gas. For a negative hydrogen
beam, the main reactions are:
H− +H2 → H0(n = 3) + H2 + e (2.11)
H0 +H2 → H0(n = 3) + H2 (2.12)
H0 +H2 → H0 + 2H0(n = 3) (2.13)
where fast particles have been underlined. Such lines guarantee a suffi-
cient intensity and are easy to detect. In the case of the beam, a typical
spectrum of the Hα emission for θ larger than 90
◦ can be seen in Figure 2.9.
The unshifted Hα peak is present at λ0 = 656.3 nm, while a second peak ap-
pears at smaller λ: this is the Doppler-shifted peak. The broad distribution
between these two peaks is the so-called stripping peak caused by negative
ions whose electron is stripped between the EG and the GG, before they
reach the full acceleration energy. For stripping calculation in the case of the
ITER neutral beam injector see [64].
Given a beam with a certain divergence, its particle have a velocity distri-
bution in the plane which is orthogonal to the beam itself. This distribution
is responsible for the broadening of the Doppler shifted peak in Figure 2.9,
so that the beam divergence δ is proportional to the width of the Doppler
shifted peak. In general the half 1/e width is utilized to evaluate divergence
in the BES spectra.
Figure 2.9: Typical BES spectrum.
2.4 The SPIDER and NIO1 test facility 35
Doppler-shifted spectroscopy is a simple and robust tool since no abso-
lute calibration is necessary, it is non-invasive and the presence of magnetic
fields or high potentials does not disturb the recorded spectra. It is anyhow
important to notice that the each spectrum gives the integration of the signal
along one line of sight (LoS).
2.4.2 NIO1
The radio frequency (RF) ion source NIO1 (Negative Ion Optimization 1)
[60, 65, 66] has been designed to generate a H− beam up to 60 kV and
135 mA. The facility aims at operating in continuous mode extracting current
densities comparable to those foreseen for larger RF ion sources, such as
SPIDER. Thanks to its small size and modular design, NIO1 is a versatile
device and can be the test bench for solutions aiming at increasing the overall
efficiency of a NBI. In addition, NIO1 can represent a practical benchmark
for validating beam modeling codes. To such purpose, NIO1 is equipped with
many diagnostics [67].
The RF generator has a f = 2 MHz frequency, that is tunable in a ±10%
range. The maximum RF power it can couple to the plasma in the ion source
is 2.5 kW. The acceleration system is made of three grids, as in the case of
SPIDER, with 9 apertures each. The grounded grid of NIO1 is generally
referred to as post-acceleration grid (PA). The reference potentials are -60 kV
for the PG, -50 kV for the EG and 0 V for the PA. The apertures (radius
rPG = 3.8 mm) are arranged in a 3 × 3 lattice whose pitch is 14 mm. After
the PA, NIO1 features another grid, the so-called repeller (REP). Such grid
is positively biassed (few tens of Volts) with respect to the post-acceleration
grid in order to avoid the backstreaming of positive ions generated by beam-
gas interaction towards the ion source. The negative ion beam is finally
dumped onto a copper calorimeter. For short and low power operation, the
use of a CFC tile (91 × 125 × 12 mm3) similar to those of the instrumented
calorimeter STRIKE has been preferred due to the larger spatial resolution
it guarantees.
To lower the temperature Te of the electron distribution close to the
extraction region, a filter field is induced close to the PG by the flow of a
current Ifilter within the PG itself. The filter efficiency depends on the integral
of the magnetic field along a particle path, different paths have been designed
for the current and tested [68]. Permanent magnets are installed in the EG
to remove the co-extracted electrons and another set of magnets is installed
in the PA to reduce the ion residual deflection. A bias plate is also installed
on the plasma side of the PG in the plasma source to limit the co-extracted
electrons. The possibility to inject cesium in the NIO1 ion source has been
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very large remanence and therefore lead to a large beam deflection. In 2017,
NIO1 extraction grid has been changed after optimization analysis performed
by OPERA [69]. The new grid has weaker magnets and the shape of aperture
exit cones has been slightly changed aiming at decreasing the impact of the
beam particles with the grid itself [70].
NIO1 design features up to four ports (200 or 250 mm) for pumps, pro-
viding a maximum pumping speed S larger than 0.5 m3/s. For most of the
NIO1 operation, two turbomolecular pumps have been utilized. The pump-
ing efficiency in hydrogen by the turbomolecular pumps is low and therefore
the ratio between the vessel and the source pressure has been quite large
(about 0.3) until the installation of a cryopump on the bottom port of the
NIO1 vacuum vessel. Such large pressure induced a very large stripping [71].
The influence of the stripping on the beam features will be discussed in the
following both from the modeling and the experimental point of view. In
particular, the modeling activity performed on NIO1 will be presented in
Chapter 4, while the analysis of the data from NIO1 diagnostic calorimeter
will be presented in Chapter 5.

Chapter 3
The diagnostic calorimeter
STRIKE
The diagnostic calorimeter STRIKE will be utilized to characterize the SPI-
DER beam by measuring beam uniformity, beamlet divergence and stripping
losses. STRIKE will be directly exposed to the beam and will be composed
of 16 panels (376 mm × 142 mm × 20 mm each), corresponding to the beam
(beamlet groups) structure [72]. Such panels are usually called "tiles". The
tile surface will be observed by two infra-red cameras as shown in Figure 3.1.
The cameras are FLIR A655sc with a 2% temperature measurement accu-
racy and a 640 × 480 pixel2 sensor with a 25◦ × 19◦ field of view [73]. The
resulting average spatial resolution of the measurement is about 2 mm, that
is sufficient to assess the beamlet properties.
The observation of the tile front surface is not advisable due to the debris
emitted by the tiles themselves and to the light emitted by the plasma which
forms in front of the calorimeter due to beam-gas interaction. The tiles will
therefore be composed by one-directional carbon fibre- carbon composite
(CFC) as it guarantees high fusion and sublimation temperature and a high
anisotropy in the heat transfer. If the fibre direction coincides with the beam
one, the observation of the beam footprint evolution from the rear side of the
tiles without an excessive broadening is feasible. For such purpose, a ratio
R = kfibre/kplane > 10 is required between the thermal conductivity along the
fibre, kfibre, and the one in the perpendicular plane, kplane [72]. In addition,
to avoid distortions in the thermal pattern, the thermal conductivities in the
plane normal to the fibres have to be isotropic (kx = ky = kplane).
The thermo-mechanical stresses induced in the tiles are quite large, as
beam nominal power is 4 MW (40 A, 100 kV) and the local heat loads
may peak up to 20 MW/m2 when the beamlets are properly focused. Since
STRIKE is not actively cooled, the duty-cycle of the full-power operation is
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is a complex system which should interface with many other objects inside
the framework of the SPIDER vacuum vessel. Its mechanical structure, de-
scribed in Section 3.1.1, features many details that permits STRIKE to be
flexible and to host many complementary diagnostics. A description of the
signals collected by STRIKE is given in Section 3.1.2.
3.1.1 STRIKE mechanical structure
STRIKE mechanical structure, shown in Figure 3.2, was delivered to RFX in
April 2017 and installed in the SPIDER vacuum vessel in September 2017.
(a) (b)
Figure 3.2: (a) Assembly of STRIKE mechanical structure at the supplier
premises. Panels are installed on their support structure, STRIKE is in the
closed configuration. (b) STRIKE mechanical structure installed inside the
SPIDER vacum vessel. Panels are missing, STRIKE is in the open configu-
ration.
The structure is divided in two halves and has a modular design. Each
of the two halves is formed by a basement, a trolley and a support structure
that holds the panels in which the CFC tiles lie in the correct position. Such
elements are highlighted in Figure 3.3a. Figure 3.3b gives instead a top view
of the whole system.
As shown, the trolleys can slide over the basement along the beam di-
rection to bring the panels near or away from the SPIDER beam source.
Such feature is necessary to properly determine the beamlet divergence (i.e.
without any assumption on the beamlet radius at the exit of the accelerator)
by measuring the beamlet width at two distances from the grounded grid.
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3.1.2 The suite of signals measured by STRIKE
In order to calibrate the infra-red cameras adopted for thermography, two
thermocouples are connected to each tile; one in a position expected to be
out of the beam footprint (cold point) and one in the nominal position of
one of the outer beamlets (hot point). Such choice should allow to calibrate
the cameras and cross-check their measurements over the whole range of
temperatures. The thermocouples are placed on the rear side of the tile so
to avoid exposing them to the beam and are fixed to the panel as shown in
Figure 3.4.
(a) (b)
Figure 3.4: (a) Thermocouple disposition on the CFC tiles. (b) Thermocou-
ple fixing system.
In addition, each kerb or strip is also equipped with one thermocouple
and other 6 thermocouples are placed on the mechanical structure (3 on
each side) to monitor its temperature. A total amount of 68 thermocouples
is planned for STRIKE: 32 on the CFC tiles, 30 on kerbs and strips and 6
on the mechanical structure.
STRIKE design includes the possibility of electrically measuring the cur-
rent impinging on each tile. To perform such measurement it is necessary to
bias the tiles at a positive voltage VT so as to re-collect the electrons emitted
by the surface as an effect of the impact of the beam particles. In particular,
it was verified that VT = 200 V should guarantee that the electrons emitted
by one tile are re-collected by the same tile, that is fundamental to avoid
errors in the measurement [75]. In addition, biassing also kerbs and strips
with respect to the panel so as to measure the current impinging on them
(due to poor optics and beam halo) is possible.
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To determine the requirements for the power supply for the biasing, it is
important to consider the possible collection of electrons from the plasma.
In the worst case, all the electrons coming from the gas ionisation in the drift
region (Eq. 1.23) are collected on the tile.
Let pV and T be the pressure and temperature of the gas in the drift
region, σionis the ionisation cross section, d the distance between the grounded
grid and STRIKE, Jb the beam current density, Ab the surface of a beam
section normal to the beam axis, nb the beam particle density and vb the
velocity of the beam particles, then the total electron current, Iel, can be
calculated as:
Iel = eVbdN/dV (3.1)
where Vb is the volume occupied by the ion beam and dN/dV is the
amount of electrons generated per unit time per unit volume, which are
given in Eqs. 3.2 and 3.3, respectively.
Vb = Abd (3.2)
dN/dV = ngasnbσionisvb (3.3)
The particle density of the background gas and of the beam may be
calculated as in Eqs. 3.4 and 3.5.
ngas = pV/kBT (3.4)
nb = Jb/evb (3.5)
Substituting in Eq. 3.1, one gets Iel = eAbd(pV/kBT )Jb/evbσionisvb and
then the electron current may be estimated as in Eq. 3.6.
Iel =
σionispVd
kBT
Ib. (3.6)
The cross section has tiny variation in the SPIDER beam energy range
(σionis(100 keV) = 2.26·10−20 m2 ; σionis(20 keV) = 2.9·10−20 m2) [76] and
therefore the value at Eb=100 keV can be taken for reference as it corre-
sponds to a larger beam current. The nominal pressure in the drift region is
pV= 0.05 Pa. The worst case is obtained for d=1 m, for which the electron
contribution to the measured current can be estimated as:
Iel= (2.26·10−20 m2· 0.05 Pa · 1 m)/(1.38·10−23 J/K · 300 K) ·Ib = 0.27Ib
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In such case, the total collected current would be Itot = Ib+ Iel = 1.27Ib.
Considering a 30% stripping, for example, the current Ib should be 40 A in
deuterium and 49 A in hydrogen, from which Itot= 50 A and 62 A, respec-
tively. The choice for the power supplies was therefore to have one 6 kW units
(160 V-36 A) for biasing the tiles of each panel. Two identical power supplies
will be utilized for biasing kerbs and strips to a lower voltage (∼ 50 V), or to
bias the tiles at larger voltages by connecting them in series to the other two.
Such choice for the power supplies will allow for measuring where the beam
current falls both in the optimal configuration (all the beam current hits the
tiles) and in very poor optics condition. The direct electrical measurement
of the beam current Iel can also be compared with the current measured at
the power supplies of the accelerator IPS and with the calorimetric estimate
of current Ical obtained from the measurement by the infra-red cameras.
Finally, four Langmuir probes are installed in the top and bottom kerbs
to measure the parameters of the plasma which is formed in the drift region
between the grounded grid and STRIKE. The cables coming from all the dif-
ferent probes (thermocouples, current measurements and Langmuir probes)
of each panel are collected in a cable box placed laterally to the panel itself
and shielded from the beam by a steel sheet. At the box these cables are
plugged on five Dsub-25 connectors. The cables exiting on the other side of
the connector are shielded and routed along the structure up to the vacuum
feedthrough. Three connectors per panel are used for thermocouples, 1 for
the current measurement on kerbs and strips and 1 for the measurement of
the current on the tiles and the Langmuir probes. For the cables of the posi-
tioning system (feeding the motors, Pt100 of the motors, limit switches) and
of the thermocouples coming from the mechanical structure, 2 other Dsub-25
have been disposed on the flange. Since the motors, when it is needed, may
be fed continuously by a current up to 5 A, a high current pin is available.
3.2 SPIDER heat load on STRIKE
SPIDER beamlet groups are formed by 80 beamlets each, spaced by 20 mm
horizontally and 22 mm vertically in a 16 × 5 matrix. When divergence is
very small, the heat load is given by separated spots and its peak may exceed
20 MW/m2. In general each beamlet group is modelled as the superposition
of 80 Gaussian-shaped beamlets of the form as in Eq. 3.7, where xc and yc are
the coordinates of the beamlet centre; zc is the coordinate of the grounded
grid, q0 is the peak heat flux; (δx, δy), are beamlet divergences and (σx0, σy0)
are beamlet widths at the grounded grid (GG).
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qi = q0e
−
(x−xc)
2
2(σx0+(z−zc)tg(δx))
2 e
−
(y−yc)
2
2(σy0+(z−zc)tg(δy))
2 (3.7)
In addition, the reasonable assumptions (δx = δy) and (σx0 = σy0) are
generally applied. Such approach strongly simplifies the shape of the heat
load as it neglects many physics aspects e.g. the halo fraction of about
15% expected for the ITER NBI and the residual deflection of the SPIDER
beamlets (alternate row by row) in the horizontal direction. The total beam
power is set for deuterium to 4 MW (250 kW per beamlet group; 3.1 kW per
beamlet) i.e. the one expected for the SPIDER nominal parameters (40 A,
100 kV). The beamlet width at the grounded grid is expected to lie between
3 and 4 mm and divergence is expected to reach 3 mrad in the very best case
[77]. For hydrogen, the total beam power could reach 5 MW (3.9 kW per
beamlet), since beam current is expected to be 49 A in the reference case.
The distance between STRIKE and the grounded grid is set to be z1 = 0.5 m
or z2 = 1 m. The analytically calculated heat loads for different divergence
values are given in Figure 3.5.
Figure 3.5: Heat load due to SPIDER beam at different divergences.
Since the volume of a 2D Gaussian of amplitude q0 and standard deviation
σ is equal to V = 2πq0σ
2, the parameter to which the peak value is more
sensitive is the beamlet radius, which may be calculated as σ = σ0+z · δ. By
superimposing one Gaussian per beamlet, as by Equation 3.7, it is possible
to determine the maximum value of the heat load Qmax. The results of
this simple analytic calculation on the expected Qmax and the average Qavg
on the tile front surface as a function of beamlet divergence are reported
in Figure 3.6. Data series represents the case σ0 = 3.5 mm, while the band
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around it stands for the variation of the beamlet radius between σmin = 3 mm
and σmax = 4 mm.
(a) (b)
Figure 3.6: Heat flux for a total beam power of 4 MW as a function of
beamlet divergence for two different distances z between the grounded grid
and the STRIKE calorimeter. (a) Maximum heat flux, (b) Average heat flux.
Beamlet radius at the exit of the GG is assumed equal to σ0 = 3.5 mm. The
shaded bands represent the uncertainty on the beamlet radius (maximum
and minimum correspond to σmin = 3 mm and σmax = 4 mm).
It can be noted that, upon increasing the beamlet divergence, the maxi-
mum heat load saturates at about 7 MW/m2, until the divergence is so large
that a consistent part of the beamlet group is lost outside the tile. The same
applies to the average power density (see Figure 3.6b), that decreases when
divergence gets larger. When the tile collects all the beam (δ <10 mrad),
the average power density is expected to be 250 kW/(376 × 142mm2), that
is 4.7 MW/m2.
3.3 The STRIKE prototype tiles
In the search for a supplier for STRIKE CFC tiles, only the company Toyo
Tanso [78], provided both a full scale (376 × 142 × 20 mm3) and two half
size (188 × 142 × 20 mm3) prototypes, shown in Figure 3.7. The half size
prototypes were named C1 and C2, while the full size one was named C3,
to distinguish them from the tiles tested at RFX in the last years, in partic-
ular from the so-called B1 series, realized by Mitsubishi with the MFC-1A
batch, the one utilized for the mini-STRIKE calorimeter [74], which proved
to survive under SPIDER-relevant heat loads [79].
In addition to the prototype tiles, the producer delivered also 10 smaller
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specimens (140 mm × 10 mm × 25 mm (fibre direction)). By such speci-
mens, a mechanical characterization of the material was performed, as will
be shortly described in Section 3.3.3. The reader may found more details in
[80].
Figure 3.7: The CFC prototype tiles by Toyo Tanso.
The supplier measured the thermal conductivities (kz and kx = ky) from
room temperature up to 1200 ◦C at 200◦C intervals with a laser flash method
[81]. The company also measured the specific heat (cs) up to 1400
◦C and
the coefficients of thermal expansion in the 3 directions. As shown in Figure
3.8, in such range an increase by a factor 2.5 is observed in the specific heat,
while the conductivities decrease by about the same factor. The material
properties proved thus to be highly non-linear. Such non-linearity will be
discussed further in Section 3.4. A double-exponential fit proved to be a
good option for all the three sets of data points provided by the manufacturer.
Therefore a formulation as in Eqs. 3.8 and 3.9 has been assumed for the three
parameters.
cs(T ) = A+Be
CT +DET (3.8)
k(T ) = A2 +B2e
C2T +D2e
E2T (3.9)
The parameters measured by Toyo Tanso proved to be similar to those
of Mitsubishi MFC − 1A. The ratio between kz and kx in particular, was
found to be about 20. Such feature, that is very beneficial for STRIKE
as a diagnostic is also the largest threaten to the lifetime of the component.
Indeed, the larger the conductivity ratio, the larger the temperature gradients
in the (x,y) plane, and thus the thermo-mechanical stresses induced by the
exposure to the ion beam.
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(a) (b) (c)
Figure 3.8: Thermal parameters of the CFC tile. The Toyo Tanso batch
(C1) is compared to the Mitsubishi one (B1). (a) Specific heat, (b) Ther-
mal conductivity along the fibres, (c) Thermal conductivity perpendicular to
fibres.
To verify the prototype diagnostic capability together with the goodness
of such extrapolation, the prototypes have been irradiated with the RFX
CO2 laser on one surface, while measuring the temperature increase of the
opposite one with an infra-red camera (see Section 3.3.1). The capability of
the prototypes to withstand heat loads in the order of 10 MW/m2 and a power
deposition in the order of 100-150 kW has been tested in one experimental
campaign at the GLADIS test facility [82] of IPP (Garching, Germany). Such
campaign, a description of which is given in Section 3.3.2, allowed to test the
parameters provided by the supplier in a much wider range of temperatures.
The thermo-mechanical stresses induced by the tests generated cracks in
the prototypes. The mechanical parameters of the composite were measured
at the Department of Mechanical Engineering of Padua University (Vicenza
branch) and it was therefore possible to develop a model in ANSYS to explain
the experimental mechanical failure. Such model helps to predict the beam
performance to which SPIDER must be limited when STRIKE is exposed to
the beam in order to avoid the formation of cracks within the CFC tile. The
mechanical test and the thermo-mechanical model developed in ANSYS are
described in Section 3.3.3.
3.3.1 Tests with RFX CO2 laser
To verify that the prototypes satisfy the relation kx = ky ≤ kz/10, they have
been exposed to a CO2 laser. During the tests, the laser provided a power
Plaser = 60W, focused onto a spot of about 2 mm. Every laser pulse last about
Tlaser = 20 s. The temperature of the tile on the surface unexposed to the
laser has been recorded with an infrared camera with a sampling frequency
fs = 25 Hz and a spatial resolution of 640 × 480 pixel2. The experimental


52 The diagnostic calorimeter STRIKE
The input power Pin was varied between 48 and 60 W, which corresponds to
ǫ= 0.8-1, and the initial temperature was set to Tin = 300 K. A fit with a
Hubbert function has been applied also to the simulated ∆T (x, y, t), so to
allow for a direct comparison. The best agreement is found for ǫ = 0.82, as
shown in Figure 3.11.
(a) (b)
(c) (d)
Figure 3.11: Spot parameters obtained by experimental data and FEM sim-
ulations. (a) Maximum temperature, ǫ = 0.85, (a) Maximum temperature,
ǫ = 0.82, (c) HWHMx, ǫ = 0.85, (d) HWHMx, ǫ = 0.82.
It is important to consider the heat propagation dynamics. When the
laser is on for example, both kz and kplane play a role and due to the large
ratio kz/kplane the spot size increases slowly. When the laser is turned off
instead, the tile front and rear surface approach quickly (200-300 ms) the
same temperature and then heat propagates only radially with a process
that is governed by the kplane thermal conductivity. The laser-on and laser-
off phases give thus different information, and a combination of the two is
necessary to get the full picture.
The result of the tests was quite satisfactory: the prototypes proved to
have kx ∼ ky and kz ∼ 20kx, satisfying the requirements on their diag-
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nostic capability and a very good agreement was found between the col-
lected data and the results of FEM simulations in which the functions cs(T ),
kx (T ) = ky (T ) and kz(T ) previously obtained from the producer measure-
ments were used.
3.3.2 Test under high heat fluxes at GLADIS
The high heat flux test facility GLADIS [82], shown in Figure 3.12, allows for
testing materials under the application of huge heat loads (tens of MW/m2)
for tens of seconds. The facility is equipped with two positive ion sources,
each one generating beams with a diameter of about 70 mm and power
density up to 55 MW/m2 at the beam target position.
Figure 3.12: View of the GLADIS test facility.
When exposing the tiles to the beam, thermo-mechanical stresses arise
for different reasons such as the different thermal expansions of heated and
unheated regions and the temperature gradients generated by the beam pro-
file itself. In this sense, it was important to select heat loads that could
reasonably produce temperature gradients comparable to those expected for
STRIKE in SPIDER. During the tests on the CFC prototype tiles, only one
of the two ion sources was utilized. The beam impinging on the tile can be
described by a Gaussian shape with a radius (HWHM) at the target position
of about 75-90 mm. The prototype tiles were exposed to heat fluxes whose
power density peak ranged from 5 to 13 MW/m2 with a duration from 2 to
5 s.
The beam behavior of GLADIS follows what was described in Chapter 2
about ion sources and accelerators. At fixed source pressure, the actual
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smaller graphite tiles have been utilized as shields, while GLADIS scraper
was utilized to protect the mirror from direct exposure to the beam. Both
the scraper and the shields produce gradients in the power density profile
hitting the tiles. Since the beam has a certain divergence and the distance
between the scraper and the target position is about 1 m, the scraper-induced
gradient is blurred; the shields instead, intercept the beam at about 10 mm
from the tile surface and thus produce much steeper gradients.
(a) (b)
Figure 3.14: (a) View inside GLADIS vacuum vessel. (b) Zoom on the tile
support system.
GLADIS infra-red camera has a resolution up to 768 × 1024 pixel2 and
a sampling frequency fGL = 12 Hz was selected, while RFX IR camera has
a resolution of 480 × 640 pixel2 and a sampling frequency fRFX = 25 Hz.
The tile surface emissivity was set to ǫ = 0.85. The field of view of the two
infrared cameras is shown in Figure 3.15.
Considering a coordinate system centred in the tile left bottom border,
GLADIS scraper covers the tile from xSC = 135 mm to x = Lx = 188 mm.
The left graphite shields covers up to xLGS = 13 mm and the right one from
xRGS = 149 mm rightward. The beam centre position was estimated from
the images collected by the visible camera to have coordinates O = (81 mm,
52 mm). By simple geometric considerations it was possible to estimate the
percentage of the beam power that hits the tile surface, thus calculating the
power Ptile that is expected to heat the tile. A preliminary comparison can be
done between such value and the power Pcal estimated by calorimetry, that
is by integrating Eq. 3.8. The result of such integration is given in Eq. 3.12
where τ is the pulse duration, ρ the CFC mass density, Ap the area covered by
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(a) (b)
Figure 3.15: (a) Field of view by GLADIS IR camera. (b) Field of view by
RFX IR camera.
each pixel, h the tile thickness, Tin(x, y) the tile surface temperature profile
before the beam pulse and Tf(x, y) the tile surface temperature profile after
beam extraction is stopped; summation is performed on all the pixels (i, j)
"belonging" to the tile surface once a proper perspective correction has been
applied.
Pcal =
ρAph
τ
∑
i,j
(
A(Tf(i, j)− Tin(i, j))− B
C
(e−CTf(i,j) − e−CTin(i,j))−
−D
E
(e−ETf(i,j) − e−ETin(i,j))
) (3.12)
Equation 3.12 considers that the temperature map T(x,y,z) is the same
along the tile thickness i.e. that heat is no longer propagating along the
fibres but only in the (x,y) plane. To achieve this condition, Tf(x, y) has
to be taken in the beam-off phase. Since the beam is very large, errors in
locating the beam centre are negligible. In the range [xO± 4mm, yO± 4mm]
the calculation of Ptile for tile C1 varies from Ptile -2.7% to Ptile +1.7%.
The result of the comparison between Ptile and Pcal is shown in Figure 3.16.
For the blue data series Ptile is obtained from the nominal power Pnom that
should impinge on the tile surface. In the red data series instead, the value of
Ptile has been calculated from PGLADIS, i.e. from the measurement of GLADIS
power supply. The solid lines give a linear fit to the data series, in which the
intercept was set equal to 0. The agreement, considering the various sources
of error is considered satisfactory and is taken as a first confirmation of the
goodness of the function cs(T ) adopted for the calculation.
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Figure 3.16: Comparison between expected and calorimetric estimated power
impinging on the CFC tile.
For tile C2, the manipulator was inserted 40 mm further in the GLADIS
vessel, thus moving the beam centre to O’=(41 mm, 52 mm) mm and the
scraper to x′SC = 95 mm in the tile reference system, as shown in Figure 3.17.
Figure 3.17: 1D temperature profiles along one horizontal line through the
beam centre for different GLADIS performance and different CFC tiles. The
gray-shaded areas represent the regions covered by the graphite shields; black
dashed lines give the scraper location.
In order to have a proper measurement of the tile rear surface temperature
it is important to assess the mirror reflectivity ρM. Since ρM is smaller than 1
in fact, the temperature which is measured by the reflection is lower than the
actual one. To correct this effect it is possible to lower the emissivity of the
image from ǫ to a value ǫR that satisfies ǫR = ǫρM. As aforementioned, few
seconds after the beam stop, the tile front and rear surfaces should have the
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During the tests some cracks appeared on the tile front surface. The most
evident one, shown in Figure 3.21, occurred on tile C1 when it was exposed
to a beam with P0= 10 MW/m
2 and τ= 3 s. Tile C2 survived to a similar
beam and cracked for P0= 8 MW/m
2 and τ= 5 s, close to the left graphite
shield.
Figure 3.21: Front surface of C1 tile after crack formation as seen by GLADIS
visible camera.
The differences in the beam power inducing the crack and in the location
of the crack itself are reasonably due to the different position of the beam
with respect to the tile. A model to explain the crack formation (explained
in Section 3.3.3) has been recently developed at Consorzio RFX [80]. Since
the cracks could not be seen by eyes when the tiles are at room temperature,
their effect on the heat propagation was verified by exposing again the tile
to the RFX CO2 laser, with the same setup described in Section 3.3.1. The
evidence of a barrier to heat transport is shown in Figure 3.22.
(a) (b)
Figure 3.22: Temperature map on rear surface of the tile measured during
the laser tests.
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3.3.3 A thermo-mechanical model for tile survival
When a tile is cracked due the beam induced thermo-mechanical stresses, its
diagnostic capabilities are partly compromised. In addition, once it is formed,
the crack may further expand. Cracks are likely to rise from local defects
in the material structure and therefore two apparently identical tiles may be
cracked by different heat loads. The replacement of one tile requires opening
the SPIDER vacuum and it thus leads to a large loss of experimental time.
For such reason, the criteria to cause the crack need to be analysed. This
section describes the development of a model to explain the crack formation
on the basis of some macroscopic parameters, i.e. neglecting the role of
defects, and the benchmark of such model with the data collected at GLADIS
on the tile prototypes.
The crack criterion that will be adopted in the following is that a crack
appears where and when the thermally induced stress is larger than the
tile flexural strength. A thermo-mechanical model capable of explaining the
experimentally observed cracks requires anyhow many inputs. In addition to
the thermal properties, the coefficients of thermal expansion and the flexural
strength (all provided by Toyo Tanso) in fact, also the elastic moduli, the
shear moduli and the Poisson ratios have to be determined.
From a mechanical point of view, the carbon-carbon composite tiles are
considered as an elastic and linear material. Under such hypothesis the
work ω needed to induce an elastic and reversible deformation ǫ may be
written as a function of the deformation itself, ω(ǫ) and the stress inducing
the deformation may be written as:
σij =
∂ω
∂ǫij
(3.13)
In the small displacement hypothesis (| ǫij |<< 1), a Taylor expansion
of the elastic potential around an initial state of strain ǫ0 and stress σ0 is
possible, leading to:
ω(ǫ) ≈ ω0 + σ0ijǫij +
1
2
Cijhkǫijǫhk (3.14)
If ǫ0 = σ0 = 0 then Eq. 3.14 turns into:
ω(ǫ) =
1
2
Cijhkǫijǫhk (3.15)
The tensor C is called stiffness tensor and, being fourth-order, should
have 81 independent components. Since ǫ is symmetric and Schwarz Theorem
is applicable to the elastic potential, the following symmetries hold:
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Cijhk = Cijkh = Cjihk = Chkij (3.16)
By considering these relations, the amount of independent variable is
lowered to 21 and a 3D formulation for Hook’s law is found (see Eq. 3.17).
σij = Cijhkǫhk (3.17)
The terms Cij may be written as a function of the elastic moduli Ei, Ej,
Ek, the Poisson ratios νij and the shear moduli Gij. Since the material is not
fully 3D but is isotropic in the planes normal to the fibre direction (plane xy
or 23), the stiffness matrix can be reduced (see [80] for a deeper discussion)
to: 

C11 x12 x12 0 0 0
C12 x22 x23 0 0 0
C12 x23 x22 0 0 0
0 0 0 (C22−C23)
2
0 0
0 0 0 0 C66 0
0 0 0 0 0 C66


where:
C11 =
1− ν223
E22∆
(3.18)
C12 =
ν21(1 + ν23)
E22∆
(3.19)
C22 =
1− ν12ν21
E1E2∆
(3.20)
C23 =
ν23 + ν12ν21
E1E2∆
(3.21)
C66 = G12 (3.22)
∆ =
1− 2ν12ν21 − ν223 − 2ν12ν21ν23
E1E22
(3.23)
It comes out that only five independent parameters are left: the Poisson
ratios ν12 and ν23, the elastic moduli E1 and E3 and the shear modulus G12.
The former two have been assumed from literature equal to ν12=νzx=0.20
and ν23=νxy=0.15, respectively [85, 86]. The elastic moduli E1 = Ez and
E3 = Ex = Ey were measured in a compression test and a four-point bending
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test respectively, both carried out at the Department of Mechanical Engineer-
ing of Padua University. The shear modulus G12 = Gzx was determined by
an ANSYS model, aiming at reproducing the tensile stresses measured in the
four-point bending test, while the shear modulus G23 = Gxy was calculated
as Gxy =
Ex
2(1+νxy)
. Finally, also flexural strength was measured again with a
4 point bending test on some of the specimens provided by Toyo Tanso. A
summary of the model parameters is given in Table 3.1.
Parameter Obtained by Value
Elastic modulus Ex = Ey 4PB test 1.3 GPa
Elastic modulus Ez Compression test 9.4 GPa
Poisson ratio νzx Literature 0.20
Poisson ratio νxy Literature 0.15
Shear modulus Gxy Calculated 0.6 GPa
Shear modulus Gzx F.e.m optimization 2.5 GPa
Flexural strength 4PB test 3.0 MPa
Table 3.1: Mechanical parameters of the CFC prototype tiles.
The assumption is that the tile cracks when the stresses overcome the
flexural strength σcrit = 3 MPa. Due to the thermal expansion, the induced
stresses are compressive in the beam irradiated portion, whose expansion is
limited by the colder un-irradiated one. On the contrary, the colder portion
is subjected to a tensile stress. If D is the linear dimension of the heated area
and t the size of the cold framework surrounding it, it is reasonable that the
larger the t/D ratio, the lower the induced stresses. At this point, a thermo-
mechanical model has been developed in ANSYS to determine the beam
duration that would induce a crack for any of the experimental conditions.
A first important agreement between the model and the experimental data
is qualitative: the model can in fact successfully predict the location of the
crack; at the bottom side for tile C1 and at the left side for tile C2, as shown
in Figure 3.23.
Such result is indeed in agreement with the idea that the key parameter
is the width of the cold framework around the beam footprint. For tile C2
in fact, the beam centre is closer to the left border, while for tile C1 it is
closer to the bottom border. The beneficial effect of enlarging the ratio t/D
on the survival time calculated by the model was verified [80]. Looking for
a more quantitative agreement is not straightforward since it is not possible
to experimentally determine the time at which the crack is formed, as the
cracks can be identified only when the beam is switched off. Since pulses of
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• a model capable of explaining the origin of the cracks has been devel-
oped;
• a crucial parameter is the t/D ratio; i.e. the larger the portion of the
tile that is not hit by the beam, the longer is the survival time
The application of such model, benchmarked with data from GLADIS, is
currently ongoing to the case of SPIDER. As a first step, assuming a load like
the one described in Section 3.2 and neglecting the kerbs presence, a reference
range for the operation parameters can be identified. The results of such
calculations are shown in Figure 3.24. The effect of the kerbs is currently
under investigation but preliminary calculations suggest that covering the
outer portion of the tile is beneficial since it corresponds to enlarge the cold
framework around the beam irradiated area. It comes out clearly, anyhow,
that operating SPIDER at full power would be very risky for STRIKE. This
result is very useful for setting a proper interlock system that turns off the
HV power supplies of the SPIDER accelerator before the pulse duration
overcomes a safe threshold. On the other hand, it is important to keep
in mind that STRIKE high spatial resolution is much more important in
the early operation when the beam deposited energy is low and the source
performance have to be progressively optimized rather than in full power
long pulses operation.
Figure 3.24: Calculated crack formation time by ANSYS model for different
total beam power as a function of the beamlet divergence. Data by E. Cescon.
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3.4 Data analysis tools for STRIKE
In this Section the standard analysis applied to the data by the prototype
version of STRIKE in different facilities is described (see Section 3.4.1). In
addition an alternative approach based on the so-called Transfer Function
Method is presented (see Section 3.4.2), discussing its applicability to the
case of STRIKE in SPIDER (see Section 3.4.3).
3.4.1 A validated approach to data from a CFC calorime-
ter
The data from the prototype versions of STRIKE are generally analysed by
fitting the 2D map of the beam induced temperature increase ∆T (x, y) as the
sum of n bell-shape functions, one for each beamlet. In general, a modified
Hubbert function (Eq. 3.10) is adopted [83]. Such function is described by
six free parameters and therefore if n is the number of beamlets composing
the beam, the number of free parameters is equal to 6n.
In 2014, mini-STRIKE, the small-scale version of STRIKE, was employed
as a diagnostic calorimeter in one experimental campaign at the NIFS-RNIS
test facility (Toki, Japan) [74, 87, 88]. In such campaign, the amount of
extracted beamlets was reduced to two 5×3 subsets of beamlets by applying
a mask to the PG, and the two CFC tiles (120 × 90 × 20 mm3) composing
mini-STRIKE were positioned at the end of the beam-line to intercept the
ion beam. The temperature increase of the tile rear surface was recorded by
an infrared camera with a sampling rate fs = 25 Hz. An example of fitting
applied to the data collected in such campaign (90 free parameters per each
tile) is given in Figure 3.25.
The fit guarantees the possibility to estimate the current and the diver-
gence of each beamlet, that is directly related to the beamlet width, therefore
assessing the beam homogeneity at the beamlet scale. On the other hand,
such a powerful tool is very time-consuming and requires a good initialization
of the parameters to ensure convergence to a meaningful solution. To speed
up the calculation a viable option is to compare the thermal footprint to a
database of fits and to initialize the fit parameters to the values giving the
lowest residuals.
An example of beam characterization by means of mini-STRIKE is given
in Figure 3.26, where the trend of the average beamlet HWHM in two per-
veance scans is shown. Such scans represent a clear example of the diagnostic
capability that STRIKE guarantees.
In the case of SPIDER, even dealing with just one beamlet group (80
beamlets), the number of free parameters would be 480, that is much larger
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before one pulse, Tin, influences the induced temperature increase, and such
effect is not corrected for by subtracting Tin as a background. A more correct
approach would be to develop a tool capable of deriving the impinging heat
flux Q(x, y) from ∆T (x, y) accounting for the non-linearity of the thermal
properties. The aim is therefore to find a solution to the ill-posed problem of
inverse heat transfer. An attempt in this sense has been done by developing
a method based on an inverse transfer function approach [89].
The basic idea is to look at the CFC tile as to a system that, given a
certain input (an impinging heat flux Q(x, y), generates an output (a map
of the temperature increase of the tile rear side ∆T (x, y)), which is obtained
by applying to the input a specific transfer function F, which describes the
system itself. Since the function models the direct problem, by inverting such
function it is possible to model the inverse one, i.e. to determine Q(x, y) once
a certain ∆T (x, y) is measured. More details about the theory of the transfer
function method and its application to data from NIFS-RNIS test facility are
given in Section 3.4.2, while the applicability of such method to the case of
STRIKE is discussed in Section 3.4.3.
3.4.2 The anti-transfer function method
The aim of this analysis, as aforementioned, is to retrieve the heat flux im-
pinging on the tile front surface from measurements performed on the rear
side. From a mathematical point of view, the tile is an operator O that acts
from one space of inputs (the heat flux 2D maps Q(x, y)) and gives its results
in an output space (the 2D maps of temperature TREAR(x, y)). If u(x) is a
generic input function in the variable x, then its output v(x) may be written
as v(x) = O[u(x)].
For a linear system the superposition principle holds and the output v12(x)
due to the sum u12(x) of two inputs u1(x) and u2(x) may be written as the
sum of the corresponding outputs v12(x) = v1(x) + v2(x). A generic input
may be written by using the Dirac function δ(x) as:
u(x) =
∫
D
u(a)δ(x− a)da (3.24)
where D is the domain in which the input u(x) is defined. The response
h(x) of the system to the input δ(x) is called impulse response function of
the operator O and the output due to the input of Eq. 3.24 is given by the
convolution of the input with the impulse response, which is called Transfer
Function.
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v(x) = O[u(x)] =
∫
D
u(a)O[δ(x− a)]da (3.25)
In the case of interest, both the input and the output are functions of the
spatial variables (x, y) and of time t. Eq. 3.25 turns therefore into Eq. 3.26:
v(t, x, y) =
∫
R2
∫
R+
u(τ, ξ, ψ)h(t− τ, x− ξ, y − ψ)dτdξdψ (3.26)
and the transfer function is defined by the impulse response for which:
vδ(t, x, y) =
∫
R2
∫
R+
δ(τ, ξ, ψ)h(t− τ, x− ξ, y−ψ)dτdξdψ = h(t, x, y) (3.27)
where the 3D Dirac function δ(τ, ξ, ψ) is given by δ(τ)δ(ξ)δ(ψ). An easy
way to perform the calculation is to move to the Fourier space, where the
convolution turns into a simple multiplication. The approach is also simpler
if time is taken as a parameter; the output v(x, y, t) is therefore written as
vt(x, y).
In the following, uppercase will be used for the Fourier transform of inputs
or outputs. The Fourier transform of a generic output is then written as
(p = x− ξ,q = y − ψ):
V (t, k, j) = Vt(k, j) =
1
2π
∫
R2
vt(x, y)e
−ikxe−ijydxdy =
=
1
2π
∫
R2
(∫
R2
ht(p, q)e
−ikpe−ijqdpdq
)
ut(ξ, ψ)e
−ikξe−ijψdξdψ
= Ht(k, j)
∫
R2
ut(ξ, ψ)e
−ikξe−ijψdξdψ
= 2πHt(k, j)Ut(k, j)
In the Fourier domain, the relation between input and output is a simple
multiplication and the transfer function is proportional to the ratio between
the transform of the output and the transform of the input:
Ht(k, j) = V
δ
t (k, j) =
Vt(k, j)
2πUt(k, j)
(3.28)
If the transfer function of the system is known, it is possible to reconstruct
the input which generated a certain output by inverting the relation given in
Eq. 3.28; and then by the inverse Fourier transform:
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ut(x, y) =
1
2π
∫
R2
Vt(k, j)
2πHt(k, j)
eikxeijydkdj (3.29)
Upon neglecting the time dependence, i.e. assuming a stationary heat
flux, the temperature measured on the rear surface of the tiles is a two-
variable function T (x, y) = v(x, y) which, since the physical sides of the tiles
are bounded, has a compact support. The temperature is measured by the
infra-red camera with a certain sampling rate and a certain spatial resolution.
The map T (x, y) is thus given by a M ×N matrix, where M and N are the
number of pixels along y and x direction respectively.
The calculation of the Continuous Fourier Transform (CFT) of any given
continuous function v(x, y) requires the integration in R2. Since the support
of T (x, y) is bounded, its CFT will have non-zero values in an unbounded
space. Therefore, it is necessary to approximate the CFT with the Discrete
Fourier Transform (DFT), as in Eq. 3.30.
V (k, j) =
1
MN
M−1∑
x=0
N−1∑
y=0
v(x, y)e
−i
(
kx
M
+
ky
N
)
(3.30)
All the values of the DFT can fit in a M ×N matrix, whose step is 2π/M
on the k axis and 2π/N on the j axis. The comparison between matrices with
the same spatial resolution is straightforward, while to compare matrices
with different resolutions, they have to be multiplied by the inverse of the
resolution. In the same way, the continuous inverse transform is replaced by
the discrete inverse transform, that is calculated as in Eq. 3.31.
v(x, y) =
M−1∑
x=0
N−1∑
y=0
V (k, j)e
i
(
kx
M
+
ky
N
)
(3.31)
Being the DFT discrete and finite, the underlying continuous function
must be sampled and considered only within a finite range. Sampling and
finite-range windowing involve data losses and introduce discrepancies be-
tween the values obtained by DFT and CFT even on the sampled points.
The induced errors are referred to as aliasing and leakage [90]. In order to
avoid aliasing it is necessary to sample the signal with a frequency fs at
least twice the maximum frequency of the sampled signal fMAX (Nyquist
Theorem).
Leakage is an artefact occurring in the DFT spectrum due to the finite-
range truncation of the signal. Such truncation corresponds to a multiplica-
tion of the signal s(x) by a rectangular window w(x) whose length is equal
to the sampling range length R = N∆x, i.e. to limit the signal domain to a
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(a) (b) (c)
Figure 3.27: Image pre-processing. (a) Original image, (b) Overturning,
(c) Overturning and windowing.
domain D. Since data are considered as cyclical by the DFT, this turns into
a discontinuity between the last and the first elements of the input array.
Because of such discontinuity, false high frequencies are detected in the DFT
spectrum. In the spectral domain the multiplication of s(x) with the rectan-
gular function w(x) = rect(x/R) corresponds to a convolution of S(u), the
Fourier transform of s(x), with the Fourier transformW (u) of the truncation
window w(x). The discrete Fourier transform of the truncated version of g(x)
yields discrete samples of S(u) ∗W (u) rather than discrete samples of G(u).
To avoid this phenomenon, all the points at the edge of the domain must
have the same value. A way to implement this is to apply a window function
w(D) that smoothes s(D) near the edges. The drawback is that the function
is changed near the edges. To tackle this issue, an overturning of the image
is performed. This method is shown in Figure 3.27.
Since peaks at high frequencies can hide the relevant phenomena, in the
derivation of the heat flux a low pass filter is applied to data, which is also
very useful to delete high frequency noise. After some optimizations, a bi-
dimensional Fermi filter was selected as a proper one [91].
In order to determine the transfer function F (x, y), a known punctiform
impinging flux QL(x, y) is considered (it should mimic the Dirac function)
and the transfer function is built as:
G(j, k) =
qL(j, k)
δTL(j, k)
(3.32)
where qL(j, k) and δTL(j, k) are the Fourier transforms of QL(x, y) and
∆TL(x, y), respectively. A generic Q(x, y) can therefore be retrieved from
the ∆T (x, y) it induces by applying Eq. 3.33.
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Q(x, y) = fft−1(G(j, k) · fft(∆T (x, y)) · filter) (3.33)
The system should fulfill some hypotheses, that are:
• negligibility of black-body radiation;
• negligibility of the delay in the heat transfer from the front to the rear
side of the tile;
• linearity of the system.
The first one is easily satisfied: assuming ǫ = 1 and an environment
temperature Tenv = 25
◦C the tile should reach about 1500 ◦C to radiate a
power density of 0.5 MW/m2, i.e in the order of magnitude of the input. The
other two conditions hold only if temperature variations are small, otherwise
the non-linearity of the thermal properties risks to play a too important
role. For the same reason, when temperature gets too large, the delay in
the heat transfer may increase up to a point at which the method fails.
First attempts were thus performed in cases in which the beam induced
temperature increase was below 50 ◦C per second. The applicability of the
method when temperature gets larger is discussed in the following.
To determine the transfer function F (x, y) of the CFC tiles, some finite
element simulations have been performed by COMSOL obtaining the tem-
perature increase ∆TL(x, y) given on the rear side of the tile by a spot-like
load QL(x, y), namely a "laser", impinging on the front. The temperature
dependence of the thermal parameters is accounted for in the FEM simula-
tion. In such way, it is possible to have a transfer function for every instant
ti. In practice, at any frame of the FEM simulation a fit with a Hubbert
function was applied to ∆TL(x, y, t) and the application of Eq. 3.32 allowed
for building a time dependent transfer function F (x, y, t).
In addition, the effect of different initial temperatures Tin is considered
by building different transfer functions. Therefore, it is possible to write
F = Fi (x, y) = F (x, y, ti, Tin). The sequence of operations to be performed
on a single data-set is the following:
• Determine the frame f0 at when the beam is switched on;
• Extract the data from the thermal camera in few frames before f0, av-
erage them and determine a background temperature map T0(f0, x, y).
Calculate the average Tin of such map;
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• the temperature of the tile before the beam pulse;
It was verified in particular (see Figure 3.29), that the cut-off length
strongly affects the beamlet shape, so that the lower the cut-off length and
the more peaked the reconstructed beamlet, while the beam total power
appeared to be independent on such parameter.
Figure 3.29: Dependence of total power and beamlet amplitude on the se-
lected filter cut-off length.
The initial temperature Tin adopted to build the function F has to be as
close as possible to that of the experimental data. As shown in Figure 3.30,
such parameter can strongly affect the total beam power, giving completely
wrong reconstruction. The reason for such phenomenon lies in the non-
linearity of thermal parameters. If Tin = 420 K for example, then kz(Tin) =
606 W/m · K and cs(Tin) = 1046 J/kg · K. If the function F is built starting
from a temperature T ′in= 300 K instead, then the tile thermal properties will
be modeled as kz(300 K) = 719 W/m · K and cs(300 K) = 712 J/kg · K,
increasing the thermal diffusivity by 74%, causing the under-estimation of
the beam power.
The possibility to apply a similar method to facilities with longer pulse
duration such as SPIDER or NIO1 does not have to be taken for granted
mainly for two reasons:
1) At fixed beam power, the longer the beam pulse, the larger the tempera-
ture increase and therefore the larger the delay in the heat propagation from
the front to the rear side of the tile, which should be as low as possible in
principle.
2) The longer the pulse, the larger the difference between the beam-induced
and the laser-induced temperature variations, meaning that the transfer func-
tion may be built in conditions which, as time goes by, become more and more
different from those under investigation.
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Figure 3.30: Time evolution of the integral of the reconstructed heat flux for
different initial temperatures of the tile.
First extensive feasibility studies, described in Section 3.4.3, were therefore
performed by means of simulations.
3.4.3 Applicability of the transfer function method to
the case of STRIKE
As mentioned in Section 3.4.2, it is in principle improper to apply this method
to the case of large fluxes impinging on a non-linear material. The aim of the
present section is to estimate the induced error and if any countermeasures
can be taken to extend the applicability of the method. The effect of differ-
ent loads QSIM(x, y) was calculated by COMSOL and the reconstructed heat
flux QREC(x, y) was compared to the simulated load QSIM(x, y). For such
purpose a reference load of 15 beamlets, arranged as in Figure 3.31a, was
considered. Beamlet power was varied in the range from 300 W to 2000 W,
which is from 8 to 51% of the full SPIDER power performance in hydrogen
(3.9 kW) and from 10 to 64% in deuterium (3.1 kW).
Beamlet HWHM was varied in the range between 5 and 10 mm, roughly
corresponding to a beamlet divergence in the range from 3 to 10 mrad, if
STRIKE is located at 0.5 m from the grounded grid. Beam pulse duration
is set to 10 seconds. The effect of temperature on the reconstruction was
also investigated by building two data series, one with Tin = T1 = 300 K and
another with Tin = T2 = 500 K. An ensemble of 48 FEM simulations was pre-
pared in COMSOL and a reconstruction of the impinging flux was performed
for each of them with a time step ∆t = 100 ms. The flux reconstruction was
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attempted with transfer functions built with laser of different powers, intro-
ducing for F another important dependence: F = F (x, y, t, lcut, Tin, PLASER).
As the transfer function should model only the thermal properties of the
tile, the simulation domain should be comparable to an infinite medium i.e.
no border effect shall be visible. By exploiting the existing symmetry, only
one quarter of the spot was simulated. The simulation domain size was taken
equal to 80 × 80 mm2, that is sufficient to avoid border effects on a τ=10 s
time-scale. A comparison between the reconstructed flux and the simulated
one at different times is given in Figure 3.31.
(a) (b) (c)
Figure 3.31: (a) Map of heat flux to be reconstructed. Gaussian beamlets
with HWHM= 7 mm and 500 W power, (b) Reconstruction by applying anti-
transfer from the map TREAR(x, y, t = 1 s), (c) Reconstruction by applying
anti-transfer from the map TREAR(x, y, t = 3 s). Calculations were performed
with a 1 mm spatial resolution.
As it can be seen, the error in the reconstruction can be kept below
10%. In the case of STRIKE, the space resolution of the thermographic
measurements is about r= 2 mm. Since with such resolution it is not possible
to properly sample a Gaussian with HWHM= 1.5 mm, the HWHM of the
laser in the simulation used to define F was doubled to 3 mm. Of course in
the physical space, this moves the laser further away from being spot-like;
in the computational space anyhow, the ratio HWHM/r is kept the same
and this is the only important condition; the Gaussian laser input is sampled
with 5 points in the range [−2σ,+2σ]. An example of the quality of the
reconstruction for the same case as Figure 3.31 is given in Figure 3.32.
A 2D multi-Gaussian fit like the one described at the beginning of this
section was applied to the maps QREC(x, y, t) determining beamlet ampli-
tudes and HWHMs, with the aim of comparing them to the ones of the input
heat load QSIM(x, y, t). The easiest way to summarize the quality of the
reconstruction during the pulse is to consider normalized parameters.
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fusivity decreases with temperature (as discussed in Section 3.3), is probably
due to the fact that the temperature increase induced by a gaussian beamlet
with HWHM = 3 mm and a power of 500 W (the one used to built the trans-
fer function) is definitely much lower than the temperature increase induced
by a beamlet with HWHM = 5 mm and a power of 2000 W (the beamlets it
should reconstruct).
When aiming at measuring non stationary heat fluxes, it is important that
the reconstruction of stationary heat fluxes is stable, so that flux variations
may be associated to actual variations of the impinging flux. A useful step
to properly exploit this method is to define which function F = F (Tin, PL)
is most suitable to invert a given temperature map T (x, y, t) measured on
the tile rear surface at any time. The most reasonable choice is to select the
function F given by a simulation in which the temperature of the tile rear
surface is the most similar to the measured one, so that the modelled thermal
properties are as close as possible to what is measured. An example of such
approach is given in Figures 3.35 and 3.34.
In Figure 3.35a in particular, the maximum temperature induced by the
beam Tbeam(t) is plotted against the maximum temperature Tlaser(t) induced
by different power inputs in the simulation by which the transfer function
was built. A black line is over-plotted for each frame to the case that mini-
mizes the quantity (Tlaser(t) - Tbeam(t))/Tbeam(t). In Figure 3.35b and 3.35c
the normalized beamlet HWHM and amplitude are given for the four con-
sidered laser powers. The time evolution of such parameters obtained by the
proposed algorithm is given again by a black line. Finally, Figure 3.35d sum-
marizes the output of the reconstruction obtained by the algorithm during
the pulse duration. The quality of the reconstruction is quite good, and the
error on the reconstructed parameters is within the 10%.
It is worth noting that while in the case (500 W, 8 mm) the best choice
is always to use PL = 500 W, in the case (2000 W, 6 mm) the algorithm can
properly change the selected transfer function so as to keep a satisfactory
quality in the reconstruction.
The change of the transfer function appears by a discontinuity in the re-
construction. It has to be considered anyhow, that only four power values
have been adopted: if an ensemble of F = F (Tin, PL) more refined in PL
is taken, the amount of the discontinuity should be properly lowered. Fur-
thermore, if the database is limited to cases satisfying the survival condition
identified in Section 3.3.3, the quality of the reconstruction will be further
enhanced.
As previously mentioned, STRIKE weak point is the response variations
in the impinging heat flux. The capability of such method to detect varia-
tion of Qi(x, y) is currently under investigation. A good base point for this,
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anyhow, is to have a stable reconstruction of a stationary flux, that within a
10% error has just been shown to be achievable. Meanwhile, also other meth-
ods to solve the heat transfer inverse problems, such as neural networks, are
being tested [92].
(a) (b)
(c) (d)
Figure 3.34: Application of the proposed algorithm. (a) Comparison be-
tween temperature reached in laser and beam simulation. The black line
gives the minimum discrepancies. (b) Normalized HWHM for different laser
power. (c) Normalized amplitude for different laser power. (d) Normalized
parameters obtained by the algorithm. Beam-on time is set to 10 seconds.
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(a) (b)
(c) (d)
Figure 3.35: Application of the proposed algorithm. (a) Comparison be-
tween temperature reached in laser and beam simulation. The black line
gives the minimum discrepancies. (b) Normalized HWHM for different laser
power. (c) Normalized amplitude for different laser power. (d) Normalized
parameters obtained by the algorithm. Beam-on time is set to 10 seconds.
Chapter 4
Modeling activity on the ion
source NIO1
This Chapter is devoted to the modeling activity performed on the ion source
NIO1 by the codes OPERA (Section 4.1) and EAMCC3D (Section 4.2).
4.1 OPERA
As described in Section 2.3, OPERA is a fully 3D code which can calculate
magnetic and electric fields by its finite element solver and track charged
particles within such field considering the particle space charge so as to reach
a self-consistent solution. The basic features of OPERA are described in
Section 4.1.1, while its application to model the NIO1 accelerator is described
in Section 4.1.2. The latter section, in particular, will present the main
differences between the old and the new NIO1 extraction grid.
4.1.1 The key features of OPERA
For the sake of simplicity, since the key parameter is the potential difference
rather than the absolute value of the grid potential, in the model presented
here below the grid potentials have been increased by Utot with respect to
the actual NIO1 setup. This means that the plasma grid is grounded and the
post-acceleration grid is placed at a positive voltage VPA. The OPERA model
adopted for a single beamlet simulation with the geometry of NIO1 is given in
Figure 4.1a . The size of the domain is 30 mm × 30 mm × 85 mm. The axis
of the grid aperture is placed at x = y =0. The PG begins at z=3 mm, and
the repeller ends at z=67 mm. The space in between the accelerator grids is
modeled as vacuum (the gray regions in the picture). Particles are emitted
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Figure 4.2: Potential along the axis of the apertures. The dashed lines
give the potential calculated by the Poisson solver, the solid lines give the
potential actually considered by OPERA. The gray shaded region represents
the plasma grid.
almost stable in the range from 0.25 to 0.4. The results presented in the fol-
lowing have been obtained upon setting ms = 0.3, that corresponds roughly
to the emission of 2300 macro-particles.
(a) (b)
Figure 4.3: (a) Dependence of the extracted particles on the size of the
emitter mesh. (b) Dependence of the calculated beamlet divergence on the
size of the emitter mesh; Uex = 1.3 kV, jH = 6 A/m
2.
The extracted current, i.e. the current actually exiting the PG, depends
on how deep the electric potential field lines penetrate inside the PG aperture,
that is on the meniscus concavity. As expected then, the larger the extraction
voltage, the wider the calculated meniscus surface and therefore the higher
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the same current from simulations in which different extraction voltages are
specified in particular, the value of jem has to be properly selected. In the
following, simulations are described in terms of jex.
Moreover, OPERA permits to define more than one emitter, i.e. to model
the extraction of more than one charged species, e.g. to model the combined
extraction of negative ions and electrons. Such option is of particular interest
when the ratio je/jH between the extracted current densities is in the order
of the ratio
√
mH/me. In such cases, the space charge close to the PG is
strongly influenced by the presence of the electrons and this is going to affect
the features of the extracted beamlet. In addition, the electron space charge
affects the meniscus and thus the ion extracted current density jH as, in
turn, the ion space charge affects the electron extracted current density je.
As already mentioned, since OPERA cannot really model the source plasma
and its influence on the charges available for extraction, this effect has to be
considered as an artefact and corrected by changing the emitted current for
the two species.
In OPERA the progressive reduction of the beam current along the ac-
celerator due to the stripping reactions can also be described. This feature
is fundamental for all the experimental campaigns performed in NIO1 before
July 2017, when no cryopump was installed downstream the accelerator. In
such conditions in fact, when operating with hydrogen, the vessel pressure
was quite large. The relation between the source pressure ps and the vessel
pressure pV measured by the NIO1 pressure gauges is given in Figure 4.6a.
Figure 4.6b gives instead the stripping losses calculated from a pressure pro-
file by the code AVOCADO [93]; the calculation is extended up to the position
of the NIO1 1D-CFC calorimeter.
As shown, when ps = 1.5 Pa practically none of the extracted H
− reaches
the calorimeter before being neutralised. From both the modeling and di-
agnostic point of view, anyhow, the parameter of interest is the percentage
of H− at the end of the accelerator. The H0 generated by the stripping re-
actions downstream the repeller in fact, have the full beam energy and are
expected to move straight to the calorimeter, being therefore measured as
accelerated current by calorimetry. The stripping within the NIO1 accelera-
tor is given in Figure 4.7. OPERA can also be adopted to track the H0, H
+
or H+2 which are produced by double stripping of negative ions or by ioni-
sation of the background gas. Nevertheless, tracking more particles is more
time consuming and, in general, the accomplishment of convergence becomes
not straightforward. Therefore, the option to track also the secondaries by
OPERA has been discarded and such code is adopted to describe only the
extracted negative ions and co-extracted electrons. To study the secondaries,
the code EAMCC3D will be adopted in Section 4.2.
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(a) (b)
Figure 4.6: (a) Pressure in NIO1 vessel and ion source without cryopump,
hydrogen operation, EG #1. (b) Calculated beam stripping along the beam
path up to the calorimeter position. Gray shaded bands represent the 4 grids
of the accelerator. Uex = 1.3 kV, Utot = 11 kV.
Figure 4.7: Calculated stripping along the beam path. Gray shaded bands
represent the 4 grids of the accelerator. Uex = 1.3 kV, Utot = 11 kV.
4.1.2 A comparison between NIO1 first and second ex-
traction grid
As mentioned in Section 2.4.2, NIO1 has been up to now operated with two
different extraction grids, in the following named EG #1 and EG #2. The
shape of the EG apertures have been changed (see Figure 4.8a), making it
more similar to the MITICA extraction grid, and the remanence of the CESM
magnets has been decreased, as shown in Figure 4.8b [70]. This section aims
at comparing the two grids at low performance, i.e. with extracted currents
up to 10 A/m2. To perform such comparison it is important to consider what
characterized the NIO1 operation up to now: the large co-extracted electron
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4.2 EAMCC3D
The operation in large vessel pressure regime (due to the absence of a cryop-
ump downstream the accelerator) is responsible for the considerable amount
of stripping observed in NIO1 hydrogen operation. As previously mentioned,
by OPERA it is possible to consider the depletion of the negative ion beam
current due to the stripping process, while considering also the motion of the
generated secondaries is not straightforward.
Instead of OPERA, in the Monte Carlo particle tracing code EAMCC3D,
in which the fields do not have to be determined but are simply taken as an
input, stripping and background gas ionisation are described by their cross
section and the generated H0, H
+, H+2 and electrons are also tracked until
they exit the domain or impact on any of the accelerator grids. In the latter
case, the generation of secondary electrons and the backscattering are also
modeled, while in the former case particles are simply removed from the
simulation domain. When particles exit along x or y another option is to re-
inject such particles from the opposite side of the domain. The latter choice
is a useful approach to exploit the symmetry of a multi-aperture accelerator
to save computational time.
The code EAMCC3D [56] is a modified version of the code EAMCC
[57]. In the case of EAMCC, the electric field was imported by a 2D axial-
symmetric solver, e.g. SLACCAD. The necessity to use the fully 3D version,
as discussed in Section 2.3, comes from the presence of a quite intense mag-
netic field, which distorts the 2D axialsymmetry of the problem. In addition,
the modified version EAMCC3D can simulate more than one beamlet. The
code requires three inputs: a pressure profile along the accelerator p(z), that
is necessary to calculate the local rates of the different reactions, the mag-
netic field 3D map B(x, y, z) and the electric potential 3D map V (x, y, z).
The elements of such maps have to be parallelepipeds but different pitches
can be adopted for B(x, y, z) and V (x, y, z) and it is also possible to include
sub-maps of the same quantity with different pitches, e.g. to be more sensi-
tive on the meniscus shape. Such maps have to be imported from a fully 3D
code, such as OPERA.
The user may select different parameters such as the size of the emitter,
the temperature of the particle distribution to be emitted, and the amount of
emitted macro-particles. Being a Monte Carlo code, the result of a simulation
is sensitive to the seed which is selected for the random number generator.
To avoid such dependence a number of macro-particles in the order of 100000
has to be tracked. The emitter is generally a circular flat emitter, such as
the one employed by OPERA, while the meniscus shape is included in the
V (x, y, z) that is imported.
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The dependence of the beam calculated divergence on the extraction volt-
age for different mesh sizes in the meniscus region is shown in Figure 4.12,
where the case of mmen = 0.25 mm and mmen = 0.5 mm are compared.
Figure 4.12: Dependence of calculated beamlet divergence on the mesh size
in the meniscus region. jH = 10 A/m
2, Utot = 10 kV, EG #2.
The results presented in the following have been calculated with a 0.25 mm
meshing of the meniscus region. Since the particle trajectories are determined
by the electric and magnetic fields which are calculated by OPERA and af-
terwards imported in EAMCC3D, the beam optics calculations by the two
codes have to be compatible. To verify the agreement on the particle tracing
by the two codes stripping and co-extracted electrons have been neglected.
The result of comparison between the OPERA and EAMCC3D estimation
of the beamlet divergence and deflection is given in Figure 4.13. The agree-
ment is fine, in particular the best optics is found for the same value of the
extraction voltage. The quantitative discrepancies may be considered due to
the non-optimized meshing of EAMCC3D.
The geometry of the grids is derived by EAMCC3D from the potential
map V (x, y, z) or specified by the user. The resolution of the geometry is
crucial to correctly determine the impact of the tracked particles with the
grids. For such reason, it is worth cross-checking also the agreement between
the two codes on the particle losses. Such comparison is given in Figure 4.14.
Once a certain agreement is found on the beam optics calculated by the
two codes, a deeper look on EAMCC3D calculation about the secondaries
may be taken. In particular it may be noted that for EG #1 the magnetic
field in the first gap is so large that the secondary electrons tend to spin
around for many iterations before hitting the EG or exiting the domain. The
same dynamics can be observed between the PA and the REP, where no
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(a) (b)
Figure 4.13: Calculated beamlet divergence and deflection: EAMCC3D vs
OPERA. jex = 10 A/m
2, Utot = 10 kV, EG #2.
Figure 4.14: Ratio between the current hitting the PA and the extracted
current: EAMCC3D vs OPERA. jex = 10 A/m
2, Utot = 10 kV, EG #2.
potential difference is applied (see Figure 4.15). A larger attention is paid
anyhow to the H0 population since some of these particles, even if not fully
accelerated, can exit the accelerator, reach the calorimeter and contribute to
the calorimetric estimate of the beam current Ical.
As shown in Figure 4.16, the H0 velocity distribution after the repeller is
found to be broader with respect to the one of the H− population. In the
vertical direction, the one on which particles are deflected by the magnetic
field, the H0 distribution is also shifted towards larger angle, since the mag-
nets in the PA can no longer exert their steering effect once the particles are
neutralised. Consistently with the calculations of Section 4.1, such effect is
visible only for EG #1.
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(a) (b) (c)
Figure 4.15: Calculated particle trajectories by EAMCC3D. (a) Extracted
negative ions, (b) secondary electrons, (c) secondary neutrals. jH = 3.5 A/m
2,
je = 110 A/m
2, Uex = 1.3 kV, Utot = 11 kV, EG #1.
(a) (b)
(c) (d)
Figure 4.16: Angular distribution of particle velocity vx and vy. (a) EG #1,
vx distribution, (b) EG #1, vy distribution, (c) EG #2, vx distribution,
(d) EG #2, vy distribution. jH = 3.5 A/m
2, je = 110 A/m
2, Uex = 1.3 kV,
Utot = 11 kV.
Chapter 5
Beam simulation and calorimetry
for NIO1
This chapter describes the analysis of data from the NIO1 calorimeter and
their interpretation by beam modeling in order to get a more complete picture
of the accelerator behavior. Section 5.1 in particular, will introduce the NIO1
campaigns whose calorimetric data have been analysed. Section 5.2 describes
the setup of the diagnostics and the measurements it provides. Data from
the NIO1 oxygen campaign will be presented in Section 5.3 and finally, in
Section 5.4 a benchmark of simulation activity and calorimetric data from
the NIO1 hydrogen campaign with EG #1 will be presented.
5.1 The NIO1 main experimental campaigns
As mentioned in Section 2.4.2, NIO1 is a versatile device, which can be easily
modified to explore various configurations. The most important modifica-
tions regard the filter field, the electron suppression field, the EG design, the
extracted ion species and the pumping system. The filter field of the NIO1
early operation in hydrogen, turned out to be too weak. A first improvement
was thus to change the filter current path so as to improve the effectiveness
of the filter. The modified configuration was investigated both in the oxygen
and in the hydrogen campaign. After the oxygen campaign, since an even
stronger filter was required in the case of hydrogen, the polarity of two of the
cusp magnets in the source was reversed, as shown in Figure 5.1, inducing in
the magnetic field the variation shown in Figure 5.2. It is worth noting that,
by doing so, the filter field and the CESM magnet field interfere with each
other, i.e. they are not perfectly perpendicular to each other and the CESM
magnets contribute to the filter field.
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A summary of the most relevant configurations is given in Table 5.1.
Feature Case 1 Case 2 Case 3 Case 4
Ion species Hydrogen Oxygen Hydrogen Hydrogen
Magnetic cusp Reference Reference Reversed Reversed
Extraction grid EG #1 EG #1 EG #1 EG #2
Cryopump Not available Not available Not available Available
Table 5.1: Main NIO1 configurations.
5.2 Measurements by NIO1 CFC calorimeter
In NIO1 different current measurements are available. In particular, the cur-
rents impinging on the four grids of the accelerator are measured separately
by the power supplies. The current IEG measured on the EG is composed
mostly of co-extracted electrons, as negative ions are much less deflected by
the magnetic field due to their larger mass, while the current impinging on
the PA is composed mostly of negative ions and partly of the electrons which
are stripped between the EG and the PA. The ratio between the total ac-
celerated beam current IH− and IEG is therefore roughly taken as the ratio
between electron current and negative hydrogen current.
The measured IEG current has been quite high (up to hundreds of mA)
in the NIO1 early operations. This of course, together with discharge events
between the grids, limits the possible combinations of source pressure, RF
power and extraction voltage, and hence the achievable beam current. To
increase the amount of negative ions, operation with O2 instead of H2 has
also been performed due to the higher electronegativity of oxygen.
If the beam optics is good enough to assure that the particles exiting
the repeller reach the calorimeter, the beam current can be calculated as the
current impinging on the CFC tile. Such current is measured in NIO1 both
electrically and by calorimetry. In general a large current is also measured on
the beam post-acceleration grid, suggesting that the beam is largely stripped
within the accelerator or that a non-negligible part of the beam actually hits
the PA, as obtained for example in Section 4.
Up to now, the negative ion accelerated current in NIO1 has never ex-
ceeded 5 mA and the beam power with such a low current is in the order of
few tens of Watts. Such performance allowed to dump NIO1 beam contin-
uously onto an uncooled 1D-CFC calorimeter, in a setup resembling that of
the SPIDER calorimeter STRIKE.
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The CFC tile is held between two C-shaped metallic supports, leaving
space for thermal expansion at high temperatures. The base of the support
lays directly on the bottom part of the vessel, from which it is isolated by
kapton foils, as shown in Figure 5.4a. The tile dimensions are 125 × 91 ×
12 mm3. and the tile is placed at a distance d = 400 mm from the post-
acceleration grid (PA). Such distance is the minimum achievable, allowing
for other diagnostics, such as BES, to have some proper lines of sight (LoS)
to the beam. The beam imprint on the tile front surface after months of
operation is shown in Figure 5.4b.
(a) (b)
Figure 5.4: Position of the CFC tile with respect to the NIO1 drift tube.
The electrical current ICFC impinging on the CFC tile is measured by
measuring the potential difference over a shunt resistor. To such purpose,
the tile has to be positively biased, so as to recollect the secondary electrons
it emits because of the energetic particle impact. The dependence of the
electrically measured current on the bias potential is given in Figure 5.5. It
may be noticed that the measured current increases with the bias voltage and
a saturation is found around 50 V. The value VCFC = 60 V was selected and
the tile is kept at such potential during the NIO1 operation. Nevertheless,
it has to be considered that positively biassing the tile results also in the
collection of secondary electrons from the space charge compensation plasma
which is formed in the drift region by the processes indicated in Eqs. 1.22
and 1.23.
This spurious effect may induce an overestimation of the beam current.
The maximum value of such error may be roughly estimated as it was done
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Figure 5.5: Dependence of ICFC on the voltage VCFC applied to bias the
calorimeter. Data from oxygen campaign.
for STRIKE by Eq. 3.6. The key parameter is thus the pressure in the vessel,
which depends on the pumping efficiency, that when no cryopump is installed
is much larger for oxygen than for hydrogen.
In the case of oxygen in particular, the vessel pressure pV is found to be
about 1/20 of the source pressure. In addition, the source is operated at
lower pressure with respect to the hydrogen case. Data about the ionisation
cross section of O2 by O
− have been assumed equal to those for ionisation
by O+ and taken from [95]. Considering σ= 1.2· 10−19 m2 and pV = 0.01 Pa,
the value of such spurious current would be about 10% of the beam current.
An estimate of the stripping fraction can also be obtained if data on the
cross sections for the stripping of O− by O2 molecules and for the electron
capture processes are available. Assuming such cross sections from [95, 96,
97], the calculated stripping inside the accelerator for ps = 0.35 Pa is found
also to be fs =10-20%. Being the stripping quite limited, the beam optics
can be described, as shown in Figure 5.6, by the ratio between the current
measured on the PA and the REP and the total accelerated current Iacc,
calculated as IPA + IREP + ICFC.
In the case of hydrogen, on the other hand, when the cryopump is not
utilized, the ratio pV/ps is about 0.1 when two turbomolecular pumps are
working and 0.3 when only one of the two is used. The ionisation rate is thus
large enough to strongly affect the electrical measurements. For a 10 keV
beam for example, when the vessel pressure is 0.4 Pa, the maximum electron
contribution to the measured current (by Eq. 3.6) is about 70% of the beam
current and the capacity of IPA/ICFC to describe the beam optics has not to
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Figure 5.6: Dependence of the ratio (IPA + IREP)/Iacc on the voltage ratio
Utot/Uex. For hydrogen: PRF = 1.1 kW, ps = 0.28 Pa, Utot = 8 kV.
For oxygen: PRF = 1 kW, ps = 0.35 Pa, Utot = 15 kV.
be taken for granted.
The beam footprint is determined by monitoring the temperature of the
rear side of the tile (i.e. opposite to the beam) with an infra-red (IR) camera
placed at the end of the vessel tube. The view of the IR camera to the tile
is given in Figure 5.7.
Figure 5.7: Infrared camera field of view.
The angle between the tile surface and the NIO1 vessel axis is 80◦. Since
sin(80◦)=0.98, the image distortion is negligible. Nevertheless, the image
perspective is corrected in the IR data preprocessing. The camera has a
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640 × 480 pixel2 detector and its distance from the CFC tile is 1.5 m. In the
oxygen campaign, the focal length of the camera lens was f1= 24.6 mm. In
the hydrogen campaigns, a lens with f2= 41.3 mm was adopted. The result-
ing spatial resolution was r1 = 1.3 mm/pixel for f1 and r2 = 0.75 mm/pixel
for f2. The emissivity of the tile surface is set equal to ǫ= 0.85. As afore-
mentioned, the beam power impinging on the tile has been quite limited.
The induced temperature increase on the tile with H− beams for example, is
about 1 K/min and therefore a sampling frequency fs = 1 Hz is sufficient.
The signal level is indeed quite low to fully characterize the beam optics, as
short integration time produces too small a ∆T, while enlarging the integra-
tion time results in a temperature profile which is too broad due to border
effects. A larger signal strength, and hence an easier characterization, is
obtained by using O− beams.
To derive a calorimetric estimate of current, the time trace of the tile av-
erage temperature is considered (see Figure 5.8a). The power PRAD radiated
by the tile may be calculated as:
PRAD(t) = ǫAσSB(Tavg(t)
4 − T 4env) (5.1)
where σSB = 5.67 · 10−8 W/(m2 K4) is the Stefan-Boltzmann coefficient,
A = 2.79 · 10−2 m2 is the total surface of the tile, Tavg is the average tile
temperature and Tenv is the environment temperature which may be set to
25 ◦C. As shown in Figure 5.8b, PRAD is not always negligible with respect
to the beam power deposited on the CFC tile calculated as PCFC = UtotICFC,
where ICFC is the electrically measured current. A possibility is then to esti-
mate the average beam power in a time interval ∆t = tf− ti from calorimetry
as:
Pcal =
ρV cs∆T +
∫ tf
ti
PRAD(t)dt
tf − ti (5.2)
where cs and ρ are CFC specific heat and mass density, respectively.
When the temperature increase is small, the dependence of the black-
body radiation from the tile to the environment on the temperature difference
(Tavg − Tenv) can be linearized. As a consequence, the tile average temper-
ature should satisfy Eq. 5.3, where ρ is the mass density, cs the specific
heat, V the tile volume, S the area of the tile front surface, Tenv the envi-
ronment temperature, q the beam average heat flux and the power losses are
described by the coefficient R. Being the temperature increase quite small,
the temperature dependence of cs is neglected.
ρcsV dT = qSdt−R(T − Tenv) (5.3)
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The integration of such equation in the beam-off (q = 0) and beam-on
phase (q 6= 0) gives Eq. 5.4 and Eq. 5.5, respectively:
T (t) = Tenv + (Tmax − Tenv)e−
R
ρcsV
(t−tstop) (5.4)
T (t) =
qS
R
+ T0 + (Tmax − qS
R
+ T0)e
−
R
ρcsV
(t−tstop) (5.5)
where tstop is the time at which the beam is switched off, T0 is the tile
temperature before the beam pulse, Tenv is the environment temperature and
Tmax is the maximum temperature the tile reaches once the beam is switched
off. From an exponential fit of the beam-off phase the parameters Tenv, Tmax
and R can be derived. Once R is substituted in Eq. 5.5, another exponential
fit can be applied to the beam-on phase deriving q, T0 and again Tmax. The
beam power is given by Pcal = qS and an estimate of the beam current is
found by dividing by Utot. The fit option is preferred to the calculation from
Eq. 5.2 as it requires less assumptions on the power losses.
(a) (b)
Figure 5.8: (a) Time traces of average CFC tile temperature and total voltage
during a total voltage scan, oxygen. (b) Time trace of the beam power
deposited on the tile and of the radiated power by the tile for the same case
as (a).
It is worth noticing that if a large percentage of the beam is stripped
along the accelerator then:
• the average energy of the collected atomic particles Eavg is lower than
Utot;
• the current estimate Ical = Pcal/Utot is an overestimation of the current
IO− (or IH−) of O
− (or H−) exiting the accelerator
5.2 Measurements by NIO1 CFC calorimeter 101
As previously discussed, this is not the case for oxygen, in which the strip-
ping within the accelerator may be estimated in the order of 10-20%. On the
other hand, the calorimetric estimated current is insensitive to the collection
of electrons from the drift region due to their low energy, comparable to the
tile bias. A comparison between calorimetric and electrical estimates of cur-
rent is given in Figure 5.9. As shown, in the oxygen campaign the agreement
is found to be very good.
Figure 5.9: Comparison between the electrical and calorimetric measurement
of the beam current on the NIO1 CFC tile. Data from oxygen campaign.
The following step is to derive an estimate of the beamlet divergence
and deflection. Modeling the heat load of each beamlet as a Gaussian like
in Section 3.7 and determining the beam total heat load by superposition,
it is possible to estimate the maximum value of divergence that allows for
distinguishing the beamlets in the heat flux map Q(x, y) which impinges on
the calorimeter. The beamlet radius at the CFC position is calculated as
σ = σ0 + δd where δ is the beamlet divergence, σ0 the beamlet radius at the
exit of the repeller and d is the distance from the repeller to the calorimeter.
The beamlet centres are located at (xi, yi±αd) where (xi, yi) is the projection
of the centre of the i-th aperture on the CFC tile and α is the beamlet average
deflection. For σ0 the value of 2.5 mm has been selected. An example of such
calculation is given in Figure 5.10a, in which also a numbering is proposed
for the NIO1 beamlets.
As shown in Figure 5.10b also the beamlet deflection (assumed equal to α
for the external beamlet columns and −α for the central beamlet column) can
help the beamlet distinction. It can anyhow be stated that if the beamlet di-
vergence is larger than δcrit = 10 mrad, there is no opportunity to distinguish
the beamlets from each other.
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(a) (b)
Figure 5.10: (a) Analytical calculation of heat flux on the NIO1 CFC tile.
(b) 1D profiles in the horizontal direction through the tile centre for different
divergence values.
5.3 Data analysis for the oxygen campaign
As discussed in the previous section, in the oxygen campaign, the agreement
bewtween the calorimetric and electrical estimates of current suggests that
stripping and background gas ionisation are low; therefore the electrical mea-
surement ICFC is reliable and the ratio between the current hitting the PA or
the REP to the total accelerated current can be taken as an indicator of the
beam optics. From the thermographic data, beamlets are not distinguishable
and the typical beam shape is shown in Figure 5.11. It is worth noting as the
size of the footprint is smaller for the energy ratio, Utot/Uex, of 9.4 compared
with the ratio of 5.8, that is consistent with the beam simulations for which
the best voltage ratio in oxygen is about 10.
Information on the beamlet divergence can thus be derived only by the
footprint of the whole beam, whose size should increase with beamlet di-
vergence; such choice implies the assumption of the beam homogeneity and
allows to determine only average features. The result of such calculation are
given in Figure 5.12.
As shown, the beam FWHMs in the horizontal (x) and vertical (y) di-
rection scale consistently with the applied voltages. Such trend resembles
the one of the current ratio (IPA + IREP)/Iacc, so that both these parame-
ters could be applied to describe the beam optics. The best beam optics is
found for Utot/Uex ∼ 9.5. It has to be noted that FWHMx is smaller than
FWHMy since beamlets are deflected in the vertical direction. The differ-
ence is about 30% and therefore the values of FWHMx in Figure 5.12 have

104 Beam simulation and calorimetry for NIO1
jH =
ICFC + IPA + IREP
9πr2b
(5.6)
je =
IEG
9πr2b
(5.7)
If such values are given as input to OPERA, the beamlet losses, divergence
and deflection can be calculated. Since a low stripping is expected, such
phenomenon has been neglected in the calculation. The results are given in
Figure 5.13.
(a) (b)
Figure 5.13: Comparison between data and OPERA simulations. (a) Ratio
of current lost on the grids to total accelerated current. (b) Beam footprint
FWHM and OPERA calculated beamlet divergence.
The trend of OPERA calculated beam losses appears simply shifted with
respect to the experimental one (see Figure 5.13a). Since an electron which
is stripped between EG and PA is expected to be collected on the PA due to
the combined effect of the potential difference Utot − Uex and the magnetic
fields, such discrepancy may be taken as an estimate of the beam stripping
between EG and PA, which may then be estimated to be about 18%, that
is compatible with the expected value. It is also shown that the trend of
OPERA calculated divergence resembles exactly the one of the experimental
FWHM (see Figure 5.13b).
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Uex [kV] IEG [mA] IPA [mA] IREP [mA] ICFC [mA] je [A/m
2] jH [A/m
2]
1.2 310 0.180 0.019 0.930 760 2.76
1.4 331 0.213 0.022 1.100 810 3.27
1.6 341 0.216 0.025 1.202 835 3.53
1.8 360 0.248 0.026 1.255 882 3.74
2.0 383 0.286 0.028 1.277 938 3.90
2.2 404 0.332 0.030 1.234 990 3.91
2.4 435 0.391 0.030 1.184 1065 3.92
2.6 445 0.468 0.033 1.177 1090 4.11
Table 5.2: Currents measured on NIO1 grids and calorimeter.
5.4 Data analysis for the hydrogen campaign
Before discussing the results from campaign #3, data from campaign #4
are presented to show the effect of cryopumping on the collected signals, in
particular on the current which is measured on the PA and on the CFC tile.
Such comparison, given in Figure 5.14, shows clearly that the electrical mea-
surement of beam current ICFC is influenced by the considerable background
gas ionisation occurring in between the repeller and the CFC tile. When the
cryopump is switched on in fact, ICFC is reduced of about a factor 3.
(a) (b)
Figure 5.14: Current measurements with and without cryopump, campaign
#4. Utot scan, Uex = 0.8 kV, PRF = 1.2 kW, ps = 0.65 Pa. (a) Electrical
current measurements, (b) Calorimetric current measurements.
The value of the PA current appears too large with respect to the CFC
current to be simply due to beam particles or to stripped electrons. The fact
it is reduced by only 10% by cryopumping confirms such hypothesis. Large
currents should then be justified in terms of other negative charge sources.
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has been selected since throughout such scan the extracted current should
be constant and the observed increase of Ical with Utot is only due to the
focusing effect of the second electrostatic lens. In the OPERA simulations
then, the emitted current can be kept the same for all the pulses of the scan.
By running EAMCC3D with such pressure profile it is found that about 30%
of the power trasmitted outside the accelerator is carried by H0. For such
reason, the OPERA calculated Iexit must be compared with 0.7 · Ical. The
results of such comparison for different values of extracted current are given
in Figure 5.18. It is worth noting that the experimental data are reproduced
by keeping the extracted current in the range [3.5, 4] A/m2.
Figure 5.18: Comparison between OPERA results and the measurements by
calorimetry, campaign #3.
Once a proper value for the extracted current has been determined, the
beam shape may be considered. In the present scan, the beam is always
under-perveant and currents are so low that divergence is anyhow too large
to distinguish the single beamlets. Although the extraction voltage should
be lowered to have more focused beamlets, this would lower too much the
signal on the calorimeter; increasing further the total voltage instead, was
not possible due to voltage holding. Nevertheless, it is possible to relate
the beam FWHMs with the beamlet deflection and divergence calculated
by OPERA. As shown in Figure 5.19, according to OPERA, the beamlet
divergence decreases by about 15% in the explored Utot range. Deflection
instead increases by about 35%.
The effect of deflection, which is alternate, lifting downward the central
beamlet column and upward the outer two, is to elongate the beam in the
vertical direction. The effect of divergence instead, is to lower the differences
between vertical and horizontal direction. Consistently, when beamlets are
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(a) (b)
Figure 5.19: Comparison between OPERA results and calorimetric measure-
ments.
more deflected and less divergent, the beam FWHM along the vertical direc-
tion increases sharply (see Figure 5.19a), while the width in the horizontal
direction appears insensitive to the beamlet divergence (see Figure 5.19b).
It is worth noting that in order to have a sufficient signal the FWHMs
of the beam footprint are calculated 15 s after the beam is switched on and
this lowers the actual sensitivity to the beam shape. The measured profiles
∆T (x, y) for the two extrema of such scan are given in Figure 5.20.
(a) (b)
Figure 5.20: Beam induced temperature increase of the CFC tile rear surface.
(a) Utot = 6 kV, (b) Utot = 11 kV.
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To take into account the H0 contribution to the heat flux Q(x, y) imping-
ing on the CFC tile, the code EAMCC3D was adopted. Since the deflection
of the neutrals is larger, as discussed in Section 4.2, the resulting beam foot-
print, shown in Figure 5.21, is more elongated and thus more similar to the
experimental one. The whole beam footprint has been obtained by simply
replicating the results of a single beamlet simulation over the 9 beamlets,
considering the alternate deflection of different columns. The hypothesis un-
derlying such approach is that the beam is homogeneous. It may be noted
that considering the H0 is fundamental to elongate the beam footprint thus
making it more similar to the experimental data (see Figure 5.20b).
(a) (b)
Figure 5.21: Heat flux on the CFC tile calculated by EAMCC3D,
Utot = 11 kV. (a) Ion contribution, (b) Total.
The calculated heat flux has been taken as an input for a heat transfer
FEM simulation by COMSOL. The resulting temperature increase on the
tile rear surface is given in Figure 5.22a. The integral of ∆T (x, y) over the
tile surface by COMSOL is 96% of the experimental one, confirming that
the power input in the simulation is the same as in the experiment. The
experimental profile appears much narrower than the simulated one along x.
This discrepancy may be explained upon assuming that beamlets are in-
deed more deflected and less divergent than what was calculated by OPERA
and EAMCC3D or upon rejecting the assumption on beam homogeneity,
e.g. assuming that one of the beamlet columns carries less current than the
others. Such hypothesis finds some confirmation in the measurement by the
BASLER camera mentioned in Section 2.4.2, which looks at the beam from
the bottom. The typical beam profile by such camera, given in Figure 5.23,

Chapter 6
Conclusions and future work
This thesis is devoted to the characterisation of a particle beam by means
of modeling and calorimetry. The work mainly regarded the following test
facilities: the ITER prototype source SPIDER, due to start operation in
2018 at Consorzio RFX (Padova, Italy), and the experiment NIO1 (Negative
Ion Optimization 1), operating at Consorzio RFX since 2014. Both facilities
are involved in the development of neutral beam injectors for ITER, the
international experiment on nuclear fusion under construction in Cadarache
(France).
SPIDER aims at accelerating about 50 A of negative hydrogen ions up to
100 keV. SPIDER beam is composed by 16 beamlet groups arranged in a 4×4
matrix. Each beamlet group is formed by 16×5 lined-up beamlets of H− ions.
In order to study the beam properties, SPIDER is equipped with different
diagnostics. One of these diagnostics, the instrumented calorimeter STRIKE,
represents the main topic of this thesis. STRIKE is composed by 16 carbon-
carbon fibre composite (CFC) tiles (376×142×20 mm3), arranged in a 4×4
matrix resembling the structure of the SPIDER beamlet groups. The beam
heat flux Q(x, y) impinging on the tile induces a temperature increase of the
tile surface that can be measured by infra-red cameras (emissivity of CFC is
about 0.9). In order to avoid errors in the measurement due to the debris
emitted from the tile surface directly exposed to the beam, the observation
of the rear surface is performed by exploiting the large anisotropy in the
heat transfer that the specific type of CFC might guarantee. In particular,
in the case of STRIKE a ratio, R1, of kz/((kx + ky)/2) more than 10 is
required between the thermal conductivity kz along the fibres and the ones
(kx and ky) in the normal plane to avoid an excessive broadening of the beam
footprint and a ratio R2 = ky/kx as close as possible to 1 is needed to avoid
distortion of the beamlet footprint. From the measured TREAR(x, y) profile it
is thus possible to determine the beam power, divergence and homogeneity.
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Among the others, STRIKE is the only SPIDER diagnostic actually capable
of distinguishing the beamlets from one another. Since the impinging heat
flux may peak beyond 20 MW/m2 very large thermo-mechanical stresses are
expected and this may represent a limit for the STRIKE exposure time to
the SPIDER beam.
The CFC tiles are positively biased (∼200 V) with respect to the SPIDER
vacuum vessel so as to recollect the secondary electrons that are emitted as a
consequence of the energetic beam particle impact and this permits to have
a direct electrical measurement of the beam current. Such measurement may
be affected by the collection of secondary electrons generated in the beam-gas
interaction in the drift region and can therefore be considered reliable only
if the vessel pressure is sufficiently low.
Part of the work carried out in this thesis regards the STRIKE procure-
ment. In particular, the STRIKE prototype tiles by different producers have
been tested in terms of their diagnostic capability by irradiating them with a
CO2 laser and in terms of their thermo-mechanical properties by the exposure
to large heat fluxes in the test facility GLADIS (IPP Garching, Germany).
The prototypes fulfilled the requirements proving to have a conductivity ra-
tio R1 ranging from 20 at room temperature to 16 at 1200
◦C and a ratio
R2 ∼ 1.03. The tests at GLADIS have shown that the tile may withstand a
heat flux of 10 MW/m2 for up to 3 s before the thermo-mechanical stresses
result in cracks that affect the heat propagation by creating heat transport
barriers. The results of such test have been interpreted in terms of the me-
chanical properties of the material and a model was developed in ANSYS
aiming at understanding the reason for the crack formation. In particular it
was found that a crucial parameter for the crack formation is the width of
the cold CFC surrounding the irradiated portion of the tile. The model was
successfully benchmarked with the data from the GLADIS campaign and is
now being adopted to predict the STRIKE operational limit in the case of
SPIDER.
During the Ph.D., a direct experience was gained in the use of CFC tiles
as a diagnostic and in the corresponding data analysis. In particular, data
from the earlier prototype version of STRIKE, the so-called mini-STRIKE
(90×120×20 mm3), collected in the test facilities BATMAN (IPP Garching,
Germany) and NIFS-RNIS (Toki, Japan) have been analysed. The usual
approach in such analysis is to fit the map ∆T (x, y, t) of the beam induced
temperature increase on the rear side of the tile as the superposition of 2D
bell-shaped functions, one per beamlet; in general a modified Hubbert func-
tion was found to be particularly suitable. The width of each beamlet can
therefore be related to its divergence, while its volume is proportional to
the beamlet current. By such approach, also the beam homogeneity may
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be inferred. Since the thermal properties of CFC are highly non-linear any-
how, the same ∆T (x, y, t) may be induced by different impinging heat fluxes
Q(x, y). Attempts were thus performed to solve the ill-posed inverse heat
transfer problem so as to determine Q(x, y), which is the actual parameter
of interest, since it is directly related to the beam current profile i(x, y).
To such purpose the so-called Transfer Function Method has been adopted.
The possibility to apply such approach to the case of STRIKE small-scale
prototype has been demonstrated by applying the method to data collected
at the NIFS-RNIS and BATMAN test facilities. By taking the reconstructed
flux as input in a finite element heat transfer simulation in the COMSOL
environment in particular, a difference about 10% was observed between the
measured and the COMSOL calculated ∆T (x, y, t).
The applicability of the method in the case of SPIDER, in which non-
linearity should play a much larger role due to the very large energy deposited
on the tile, was investigated by means of simulations in which beamlet power
and divergence were varied in a broad range. In such study it was observed
that the shape of the reconstructed beamlets has possibilities to distort as
the pulse duration gets larger. The key parameters to have a stable recon-
struction of stationary heat fluxes have been identified and an algorithm was
defined to optimize the heat flux reconstruction at any time. This result is
the fundamental baseline for the reconstruction of non-stationary heat fluxes,
that was also briefly investigated.
In the test facility NIO1 another small-scale prototype version of STRIKE
(125×91×12 mm3) is installed and it was therefore possible to benchmark
calorimetric data and the results of beam simulation with each other. In
NIO1, the 3 × 3 beamlets of H− ions carrying a current up to 15 mA each
are accelerated up to 60 kV (design value). Due to its small size and modular
design, NIO1 is a versatile device and can be utilized as a testbed for innova-
tive solutions aiming at increasing the neutral beam injector (NBI) efficiency
and benchmarking beam extraction and acceleration codes.
At present, NIO1 was operated without cesium and the power coupled in
the ion source was limited for most of its operation to half the nominal value.
For such reasons, so far the performance are quite limited and beam current
never exceeded 5 mA while lot of electrons are generally co-extracted. NIO1
underwent many modifications which regarded mostly the magnetic config-
uration, the pumping system and the accelerated ion species. In particular,
the pumping system was progressively improved moving from one to two tur-
bomolecular pumps and more recently by the addition of a cryopump. As a
result, in the early NIO1 operation large beam stripping was observed. Aim-
ing at increasing the beam performance and having a sufficient signal to test
the beam diagnostics, some experimental campaigns were performed also in
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oxygen. The various and somehow off-normal operating conditions of NIO1
make the modeling activity and the data interpretation more challenging but
also much more necessary.
The modeling activity of NIO1 beam acceleration was performed by the
finite element solver and ray-tracing code OPERA and by the Monte Carlo
ray-tracing code EAMCC3D. In the case of oxygen, being the turbomolecular
pumps much more efficient than they are for hydrogen, the beam stripping
and background gas ionisation are much more limited. In addition, being
oxygen much more massive than hydrogen, the effect of the co-extracted
electrons is reduced consequently. In such condition, a very good agreement
was obtained between the electrical and calorimetric current estimate by the
CFC calorimeter. Taking such value as an input for OPERA, the calculated
beam current losses over the accelerator grids were found to be compatible
with the current measured in the experimental activity. Since it was not
possible to distinguish the beamlets in the beam footprint on the tile surface,
the FWHM of the measured temperature increase was used to define the
beam optics and compared with the OPERA calculated divergence finding a
perfect correspondence of one parameters with the other.
In the hydrogen campaign, due to the much larger stripping and back-
ground gas ionisation, the electrical estimate of the beam current was found
to be significantly larger than the calorimetric one. Aiming at modeling the
beam acceleration, the calorimetric current estimate was taken for reference.
Again OPERA could reproduce, once stripping was included in the calcu-
lation, the total current hitting the CFC tile as measured by calorimetry.
The OPERA calculated beam footprint, anyhow, appeared to be much less
elongated than the experimental one.
To model the motion of the generated secondaries (in particular the H0
and electrons due to stripping) the Monte Carlo ray-tracing code EAMCC3D
was adopted. Such code, devoted to describe the beam transmission along
the accelerator, takes the electromagnetic field calculated by OPERA as an
input together with a pressure profile along the accelerator and models the
interaction of the beam with the accelerator grids and the background gas.
By following the H0 generated by stripping up to their exit from the NIO1
accelerator it was possible to determine their contribution to the heat load
on the calorimeter. Since once neutralised the hydrogen atoms cannot be
any longer deviated by the magnets installed in the post-acceleration grid
of the NIO1 accelerator, the contribution of the largely deflected H0 tends
to elongate the beam footprint. As a result, the combined application of
OPERA and EAMCC3D proved to be a valuable tool to better reproduce the
experimental data. Finally, the calculated heat flux was taken as input for a
heat transfer FEM simulation by COMSOL. The resulting thermal footprint
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was found to be less elongated than the experimental one, suggesting that
something is still missing in the model. The most plausible explanation is
that the beam, differently from what assumed in the calculations, is not
homogeneous. Such interpretation is partly confirmed by other NIO1 beam
diagnostics and will be investigated further in the next NIO1 campaigns.
When beamlets will be more powerful, the heat flux reconstruction by the
Transfer Function Method will also be tested.
In view of SPIDER it may be stated that the experience gained in the
early operation of NIO1, in which the beam power density hitting the CFC
was very low, will be surely useful in the SPIDER early operation without
cesium, in which the beam power density will also be low. In particular, it is
likely that also in the case of SPIDER, the first analysis will focus on integral
quantities such as the beam power and the size of the entire beamlet group
footprint, by exploiting modeling to get a better insight on the beamlet scale.
As the performance will improve, it will be easier to look at the individual
beamlet properties by fitting the rear surface temperature profile and also the
heat flux reconstruction by the Transfer Function Method could be optimized.
The STRIKE exposure to the SPIDER beam will be limited according
to the crack formation time calculated by the model developed from the
tests performed at GLADIS. Such use is anyhow expected to be sufficient
to drive the optimization of the SPIDER source in its early operation (that
represents the most difficult part) and provide a reference both for the other
beam diagnostics and the numerical models. Then, at larger beam power and
longer beam pulses, beam characterization will be done by the other beam
diagnostics and by beam modeling.
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